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Capillary electrophoresis and its miniaturized counterpart, microchip capillary 
electrophoresis are becoming increasingly popular analytical techniques among the 
research groups due to the simple instrumental set-up, high throughput sensitive 
analysis as well as low reagents and sample consumption while allowing analysis of 
various analytes to reach up to ultra-trace level.  
Thus, such analytical techniques are apt for the analysis of small biomolecules. 
The quantitative analysis of small biomolecules in the body system allows better 
understanding of a patient’s health since any health deterioration can be accompanied 
by an abnormal changes in the level of these small biomolecules. However, these 
small biomolecules are present in small amount in the human body such that their 
analyses are often laborious due to the need for extensive sample preparation and 
sensitive detection method. Such an analysis also impedes routine analysis. However, 
with the high separation efficiency that can be expected from capillary electrophoresis 
and its miniaturized counterpart, it can allow more analyses to be carried out on these 
small biomolecules. Hence, a study with capillary electrophoresis (CE) and microchip 
capillary electrophoresis (MCE) was chosen to be carried out on these biomolecules 
in this work.  
A target specific liquid-liquid extraction of an endogenous nucleoside, 
adenosine, was investigated. The extraction served to aid in improving the detection 
of adenosine via pre-concentrating the adenosine in a small volume of extractant. 
Ionic liquid, a tunable stable solvent with negligible vapour pressure, was utilized as 
an extractant in place of the toxic volatile organic solvents in this extraction. The 
aptamer of adenosine, a polynucleotide with structural recognition for adenosine, was 
further added into the ionic liquid extractant to assess any improvement in the latter’s 
IX 
 
extraction for adenosine, a biomarker for inflammatory diseases and cell stress. 
Various methods of obtaining the ionic liquid-aptamer based extractant were 
attempted. The structure and quantity obtained were subsequently analyzed via 
various spectroscopic methods as well as capillary electrophoresis. The extraction 
efficiency of these extractants was then examined with a capillary electrophoresis 
system coupled to an ultraviolet/visible detector due to adenosine’s UV-absorbing 
nature.      
In view of the non-UV absorbing property of many small biomolecules like 
amino acids and biogenic amines as well as the need for rapid analysis, a novel 
contact conductivity detection system for microfluidic devices was developed. This 
detector served to provide a universal mode of detection while the microfluidic device 
aided in enhancing the analytical throughput.  Its detection principle was similar to 
most conductivity detectors except that it measured with its “liquid electrode voltage 
probes” that minimized fouling of the detection electrode surface and thereby 
increasing the repeatability of analysis. Its analytical performance was consequently 
evaluated with simple metal ions as well as in the separation of amino acids and 
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CHAPTER 1  
Electrophoresis of Small Biomolecules 
1.1  Principles of capillary electrophoresis 
Capillary electrophoresis (CE) refers to an analytical technique that separates 
compounds according to their charge-to-size ratios in an aqueous buffer filled fused 
silica capillary under the influence of an externally applied electric field. 
Electrophoresis was first described by Tiselius et. al.1 in 1930 for the separation of 
proteins and Hjerten et. al.2 subsequently introduced the first CE setup in 1967.  
However, CE only sparked off immense interest in the research arena when its 
simplicity and high separation efficiency was first demonstrated by Lukacs and 
Jorgensen3 in the separation of small compounds and biomolecules.  
The CE instrumental system is relatively inexpensive and uncomplicated to set 
up as seen in Figure 1.1 below.  It consists of a high voltage power supply unit (0 – 30 
kV), a detector (optical, electrochemical or mass spectrometric) and a computer 
equipped with a data acquisition (DAQ) software. A fused silica capillary, (with inner 
bore of 25 – 100 of µm wide) together with electrodes from the power supply unit are 
placed in the sample buffer reservoir and the buffer waste reservoirs, forming a closed 
electrical circuit. When high voltage is applied to the capillary through platinum 
electrodes, the charged compounds will be attracted to their oppositely charged 
electrodes. As they migrate past the detector placed near the capillary end, peak 
signals will be registered and recorded against time by the DAQ software in the form 




Figure 1.1 A schematic diagram depicting the basic setup of a CE system where (a) Platinum 
electrodes, (b) Buffer filled capillary, (c) High voltage (HV) Power supply, (d) Detector, (e) 
Buffer reservoir or sample reservoir during sample injection (f) Buffer waste reservoir and (g) 
DAQ displaying an electropherogram 
 
In CE, the resultant mobility of each charged compound is dependent on the 
combinatory effects of the electroosmotic force (EOF) and their respective inherent 
electrophoretic mobility in the capillary as shown in Equation 1.1: 
μeff  = μep +   μEOF ------------ (1.1) 
Where μeff refers to the effective electrophoretic mobility of the analyte, 
μep refers to the electrophoretic mobility of the analyte as determined by its 
charge as well as size and  
μEOF  refers to the electroosmotic mobility of the buffer. 
The fused silica capillary consists of silanol (Si-OH) groups lining along its inner 
surface. When a solution of pH above 3 is passed through, these silanol groups will be 
deprotonated, forming negatively charged silanoate (Si-O-) groups. A diffuse double 
film of positively charged buffer cations is electrostatically attacted to these silanoate 
groups, leading to the formation of the EOF. Within this film, a fixed layer of cations 
is tightly held to the silanoate groups followed by a mobile layer where the buffer 
cations are loosely bound to these groups4. In a normal CE mode, when a positive 










voltage is applied, the mobile layer of buffer cations migrates towards the cathode. As 
it does, it drags the bulk of the buffer solution along with it and thereby generating the 
EOF. The strength of this EOF is determined by Equation 1.2 below: 
μEOF = єζ/4πη  ------------------ (1.2) 
Where є refers to the dielectric constant of the buffer, 
    ζ is the zeta potential and 
    η is the viscosity of the buffer. 
The buffer parameters are affected by the composition of the buffer used, its pH as 
well as the type of organic additives introduced. For instance, when the pH of the 
buffer is increased, the zeta potential is high and a strong EOF is resulted. However, 
when an organic additive such as acetonitrile is added, this will raise the buffer’s 
viscosity and thereby lowering the strength of the EOF.   
The EOF, thus, determines the times at which the charged compounds migrate 
out. When a strong EOF is generated in normal CE mode, the cations will reach the 
detector first, followed by the neutrals. The anions will also be swept towards the 
negatively charged electrodes. Conversely, when the EOF is weak, the inherent 
electrophoretic mobilities of the anions will cause them to be attracted to the anode 
instead.  
 Although CE is not as routinely used as compared to other separation 
techniques like high performance liquid chromatography (HPLC) and gas 
chromatography (GC), it is still an attractive technique that draws the attention of 
researchers. For instance, it can attain relatively higher separation efficiency 
compared with HPLC and GC as its sample plug is electrically driven through the 
capillary as a flat plug in which all the molecules travel at the same velocity, resulting 
in narrow, sharp peaks. In addition, the narrow bore of the capillary aids in reducing 
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band dispersion across the capillary. Conversely, the sample in HPLC is pumped 
through the packed column, of 1 - 10 mm wide, under the laminar flow profile which 
leads to diffused sample zone and hence broad peaks. Moreover, the analysis in CE is 
not limited to only charged compounds but neutral ones as well. The micellar 
electrokinetic capillary chromatography (MEKC) mode can be applied to such sample 
analysis in which charged surfactants, introduced in the buffer system, will form 
micelles which act as pseudo stationary phase to interact with the neutrally charged 
compounds and thereby influencing their mobilities through the capillary5.  Besides 
these neutral compounds, CE also allows the analyses of a wide variety of analytes in 
different matrices, for example, inorganic ions in postblast residues6, environmental 
pollutants such as polycyclic aromatic hydrocarbons (PAHs) and herbicides7, 8, food 
additives and organic contaminants (dyes, preservatives and acrylamide)5, 9, 10, 
pharmaceuticals11 as well as biomolecules12, 13. This can be readily achieved by the 
application of different modes of CE like microemulsion electrokinetic 
chromatography (MEEKC), capillary gel electrophoresis (CGE), non-aqueous 
capillary electrophoresis (NACE) and capillary isoelectric focusing (CIEF). These CE 
modes can be carried out simply by adjusting the buffer constituents (aqueous or 
organic solvents), the type of buffer additives used (surfactants and chiral selectors) as 
well as the concentration and pH of the electrophoresis buffer. In addition, CE is a 
sensitive analytical technique that can analyze up to ultra-trace amounts of analytes in 
complex sample matrices. It is also environmental friendly due to its low reagent 
consumption and the simplicity of its instrumental setup that allows for automation 





1.2  Microchip capillary electrophoresis  
With the rapid development of CE in the 1980s, there is a shift in trend in the 
1990s towards miniaturization to further exploit its advantages. This is in particular so 
with the first paper reporting on the CE application on a glass microchip fabricated 
via photolithographic method by Manz et. al.14 in 1992. Since then, there is an 
increasing number of publications on the various aspects of microchip capillary 
electrophoresis (MCE) that range from device technology (microfabrication 
techniques, surface modification, design of the microchip etc) 15-17; analytical methods 
(sample preparation, detection, separation modes and methods etc)18, 19 and the 
application areas (immunoassay, clinical diagnosis, cell handling and analysis)20, 21.  
Despite its small size, microchip CE is still able to achieve high separation 
efficiency. It provides high separation power of up to 160,000 theoretical plates on a 
50 μm wide and 20 μm deep microchannel with only a separation length of 50 mm22. 
With typically short microchannels of 50 - 100 mm long, 10 - 100 μm wide and less 
than 50 μm deep, only about 1 – 5 kV is required to drive the electrophoresis on 
microchip23. Hence, Joule heating and consequently dispersive mass transport can be 
minimized. Furthermore, high throughput can also be realized on this small device 
with μ-capillary array electrophoresis (μ-CAE). The μ-CAE has progressed from the 
48-separation lanes24 to as many as 384-separation lanes on a 20 cm wide substrate25.  
In addition, minimal sample and reagents are required since the sample and buffer 
reservoirs hold only 50 - 200 μL of solution. Thus, it is suitable for the analyses of 
samples that are precious and available only in limited amounts like proteins, 
neuropeptides, biogenic amines and amino acids in body fluids like serum and 
neurological fluids26. Moreover, with the combination of efficient pumping 
mechanism of electroosmosis and electrophoresis, the integration of various 
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laboratory functions (sample preparation, mixing, reactors, preconcentration and 
analysis) can be done on a microchip without compromising the separation efficiency. 
The various fluid manipulation components (separation channels, valves and filters) 
as well as miniaturized auxiliary instruments like power supply, detectors and pumps 
can be incorporated on a single microchip to allow device integration27, 28. With such 
integration, microchip CE devices can be developed as portable sensors that allow 
point-of-care or fast on-site analysis, allowing the preservation of the sample integrity.  
Besides being a “lab-on-a-chip”, the microchip can be custom-designed to 
further enhance detection sensitivity, throughput and to allow integration of detector. 
This can be observed in the introduction of microchip with integrated potential 
gradient detection (PGD), a new conductivity detector, as reported by Feng et. al.29 
and in μ-CAE where the microchannels are radially distributed on a small microchip 
by Mathies and his coworkers25. All these can be achieved by using computer aided 
design softwares like AutoCAD, CorelDraw or FreeHand so as to tailor the fluid 
circuit on the microchip for the intended analytical methods.  A master template is 
then created so as to allow the transfer of the design directly onto the chosen 
microchip substrate or for further replication. 
However, an appropriate substrate and its complementary microfabrication 
technique have to be chosen before making the master template. The selection of 
substrate is of importance as its properties, such as the charges on the microchannel’s 
surface, electrical conductivity, thermal insulation, optical clarity and solvent 
compatibility as well as the availability of established modifications/surface chemistry 
of the substrate, can significantly affect the MCE’s separation capability and 
efficiency30. Moreover, the physical properties of the substrate like rigidity, glass 
transition temperature, melt temperature and thermal expansion coefficient need to be 
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considered in deciding the type of microfabrication technology to be used as well as 
microfabrication parameters, like the thickness of the photoresist layer to be applied, 
the duration of UV exposure and wet etching,  to be optimized31.   
There are mainly two types of microchip substrates to be considered – rigid 
glass and silicon or elastomeric polymers.  Glass substrate is commonly known for its 
good optical clarity and good solvent compatibility. In addition, it has a stable 
microchannel surface that gives rise to reproducible EOF closely resembling that of 
the fused silica capillary32, 33. Due to the rigid physical property, micromachining 
technique, which involves photolithography or electron beam lithography and etching, 
is utilized to fabricate glass and Si microchips. Such a technique is stringent and 
tedious owing to the need for a clean room facility.  Furthermore, glass substrate is 
fragile and requires delicate handling. Hence, the microfabrication of such microchip 
is expensive and makes it cost inefficient to be disposable.  
Polymer based microchips are, thus, preferred in both the research and 
industrial fields. These polymers can be moulded readily with simplified 
microfabrication process and thus allowing the mass production of such microchips.  
There are generally three classes of polymers with varying rigidity – elastomeric 
polymers, duroplastic polymers and thermoplastic polymers34. Elastomeric polymers 
like polydimethylsiloxane (PDMS) and perfluoropolyethers (PFPEs) are weakly 
cross-linked polymer chains that will return to its original state even after it is 
deformed by the application of external forces. Hence, soft lithography technique is 
commonly utilized for the microfabrication of such microchips35. The design of the 
fluid circuit is first printed on a transparency or chrome mask. The smallest feature 
size of the former is limited to only 8 μm while the latter’s, which is more costly, can 
be further reduced36. Photolithography is typically used to transfer the fluid circuit 
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design to a silicon substrate which is used as a master template for replica moulding 
of multiple microchips. Such a technique allows multi-layering of the elastomers 
thereby creating a three-dimensional (3-D) microchip system. With the simplicity of 
such technique, soft lithography enables one to vary the design of the fluid circuit 
with ease.  
A similar technique to soft lithography is also used to fabricate duroplastic 
based microchip37. Duroplastic polymers such as thermoset polyester, resist materials 
and polyimide are more strongly cross-linked. Thus, it is harder to re-mould them. A 
refined soft lithography technique has to be used instead. Its difference from soft 
lithography lies in that the polymer is partially cured using UV light before removing 
it from the template. The final product is then obtained with complete curing against 
another partially cured polymer, thereby providing a good sealing between polymers.  
Polymethylmethacrylate (PMMA), polycarbonate (PC), cyclic olefin 
copolymer (COC), polystyrene (PS), polyvinylchloride (PVC) and 
polyethyleneterephthalate glycol (PETG) are examples of thermoplastic polymers. 
Like elastomeric polymers, they are formed from weakly linked chain molecules. The 
moulding of such polymers requires the careful manipulation of the polymer’s glass 
transition temperature (Tg). As such, embossing38 and injection moulding39 are more 
suitable microfabrication techniques for this class of polymeric microchips. 
Embossing involves the use of pressure and heat with hydraulic vacuum pumps to 
pattern the polymers against the master silicon or metal template. The silicon template 
can be constructed from the previously mentioned micromachining method while the 
metal stamps are either electroplated from the silicon masters or manufactured with 
the LIGA (lithography, electroplating and moulding in German) process39, 40. 
Although embossing procedure seems uncomplicated, the template making process is 
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time consuming and limiting. Furthermore, only mono-layer planar microchips can be 
obtained and an initial costly capital investment in the equipment is needed. Hence, 
such a technique is only suitable for routine production of proven microchip designs. 
Alternatively, injection moulding can also be used for making these polymeric 
microchips. It involves the use of the melted pre-polymerized pellets of the 
thermoplastic polymers before injecting them into a heated mould cavity under high 
pressure. This is followed by the release of the polymer from the mould after cooling 
it to below Tg. It is sometimes preferred over embossing as it allows for higher 
throughput and is thus more efficient in mass production. 
Beside the various microfabrication techniques as described above, laser 
ablation41 can also be used to create the fluid circuit designs on the thermoplastic 
polymers. A high-powered pulsed laser, like ArF excimer laser (193 nm), KrF (248 
nm) and the CO2 lasers, incised the designs onto the substrate. Such a technique 
allows fast fabrication of newly designed microchip since the design can be directly 
inputted into the microfabrication system to allow direct translation of the design onto 
the substrate. Unfortunately, it is unsuitable for mass production because of the 
inherent serial nature of the system36.  
With the numerous benefits and the wide variety of substrates and techniques 
available for microfabrication of microchips, it is of no doubt that microchip can be a 
potentially useful tool that can aid in the advancement of various research fields like 
the life science, clinical analysis and biomedicine. The possibility of “lab-on-a-chip” 
on a single platform, fast analysis results, high throughput and the availability of 
biocompatible polymers like PDMS coupled with relatively low cost of production 




1.3  Analysis of small biomolecules 
Biomolecules refer to molecules that are formed naturally from various 
biological processes, like metabolism and biosynthesis, in living organisms. They are 
comprised primarily of carbon, hydrogen, nitrogen, oxygen, phosphorous and sulfur 
of varying molecular weight that range from small biomolecules like amino acids, 
catecholamine neurotransmitters, polyamines, hormones, nucleosides and nucleotides 
to macrobiomolecules like proteins, deoxyribonucleic acids (DNA) and 
polysaccharides. The analysis of larger biomolecules, that are separated based on the 
differences in molecular weights, is so well established that techniques like gel 
electrophoresis or CE with electrolytes containing sieving matrices are commonly 
used by most researchers when they encounter such analytes42-46. With these 
techniques, structural, conformational and biological information of 
macrobiomolecules can be obtained. Conversely, the study on small biomolecules is 
often neglected since they are regarded to be too small to contain any useful genetic 
information. But these small biomolecules are the building blocks needed for 
biosynthesis of macrobiomolecules, intermediates of metabolism or cofactors of 
biochemical processes. Any abnormality occurring to these biomolecules is usually an 
indication of the occurrence of diseases. As such, the analysis of these biomolecules 
enables the detection of early onset of diseases (i.e. malfunctioning metabolism or 
biosynthesis system), to control and monitor their progress as well as to obtain 
information for drug discovery. Consequently, these biomolecules are being 
investigated as biomarkers of potential diseases.  
Biomarkers are biomolecules that are subjected to cellular, biochemical, 
molecular or genetic alterations such that a biological process can be recognized and 
monitored47. When the biological process is disrupted, the level of biomarkers will be 
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unusual. For instance, free modified nucleosides are commonly found 
posttranscriptional in ribonucleic acids (RNA). However, when a patient succumbs to 
cancer, the quantity of these modified nucleosides found in his/her body is 
significantly higher than a healthy patient48. These biomarkers are commonly 
retrieved from body fluids like serum, urine and cerebrospinal fluids. These fluids are 
complex matrices due to the presence of other biomolecules like proteins, urea and 
carbohydrates that will interfere in their analysis. In addition, the low levels of these 
biomarkers in body fluids can lead to difficulties in their detection in these fluids. For 
instance, some amino acids in urine were reported by Soga et. al.49 to be as low as 13 
μmolL-1.  
As such, it is necessary to develop sufficiently sensitive analytical methods 
that can be dedicated to high throughput routine analysis (both qualitative and 
quantitative) of these small biomolecules. Several methods, including high-
performance liquid chromatography-mass spectrometry (HPLC-MS)50, gas 
chromatography-mass spectrometry (GC-MS)51, matrix assisted laser 
desorption/ionization-mass spectrometry (MALDI-MS)52 and CE47, have been 
developed for the analysis of small biomolecules. Among these methods, CE, coupled 
with different detection methods that include laser induced fluorescence (LIF), UV, 
conductivity and MS, is thought to have many advantages over other methods 47, 49, 53-
57. The small biomolecules are typically charged which will facilitate their separation 
in CE in view of the latter’s inherent ability of separating charged molecules based on 
size-to-charge ratio. Moreover, the equipment and operational cost of CE, compared 
to the abovementioned methods, is lower without sacrificing separation efficiency. In 
addition, minimal sample preparation is required for CE analysis. Thus, it will be 
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ideal for routine analysis, e.g. in clinical analysis, where large numbers of samples 
need to be examined.  
 
1.4  Project objectives 
The quantitative analysis of small biomolecules allows better understanding of 
a patient’s health. Any unusual changes in their concentrations in the body system 
raise the alarm of potential health problem. Unfortunately, these small biomolecules 
are present in small amounts in the human body such that their analyses are often 
laborious due to the need for extensive sample preparation and sensitive detection 
method. Such problems also impede routine analysis. However, with the high 
separation efficiency that can be expected from CE and its miniaturization, it has the 
potential to overcome many problems encountered in the analyses of small 
biomolecules. Hence, a study on the use of CE and MCE for the analyses of small 
biomolecules will be carried out in this work.  
In Chapter 2, a target specific liquid-liquid extraction of an endogenous 
nucleoside, adenosine, was investigated. The extraction served to aid in improving the 
detection of adenosine via pre-concentrating the adenosine in a small volume of 
extractant. An ionic liquid, a tunable stable solvent with negligible vapour pressure, 
was utilized as an extractant in place of the toxic volatile organic solvents in this 
extraction. The aptamer of adenosine, a polynucleotide with structural recognition for 
adenosine, was further added into the ionic liquid extractant to assess any 
improvement in the latter’s extraction for adenosine, a biomarker for inflammatory 
diseases and cell stress. The study of the extraction efficiency of these extractants was 
carried out with simple CE-UV technique due to adenosine’s UV-absorbing nature.      
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In view of the non-UV absorbing property of many small biomolecules like 
amino acids and biogenic amines as well as the need for rapid analysis, a novel 
contact conductivity detection system for microfluidic devices was developed. Its 
working principles and analytical performances were described in Chapter 3. This 
detector served to provide a universal mode of detection while the microfluidic device 
aided in enhancing the analytical throughput. Its analytical performance was 
evaluated initially with simple metal ions, before it was utilized in the separation of 
amino acids and biogenic amines  
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CHAPTER 2  
Capillary Electrophoresis Analysis of Adenosine 
2.1  Importance of the analysis of adenosine 
Adenosine is an endogenous nucleoside that can be found in micromolar 
concentration in biological fluids like urine, synovial fluid and cerebrospinal fluid. It 
is mainly produced from the 5’-nucleotidase catalyzed dephosphorylation of the 
adenosine triphosphate (ATP) within the cells1. Adenosine is subsequently released 
from the cells and interacts with cell receptors, such as adenosine P1, in the blood 
circulation system. In these interactions, adenosine behaves as a signaling molecule 
by exerting several physiological effects on various cells2, 3. Besides being a signaling 
molecule, adenosine has immunosuppressive properties towards white blood cells and 
immune system related cells. Sottofattori et. al.2 reported that adenosine was 
responsible for the development of inflammatory diseases, for example, rheumatoid 
arthritis. Further to its involvement in these biological functions, adenosine had been 
pointed out by Abou El-Nour et. al.4 to be a potential marker for cell stress since its 
level heightened during periods of oxygen deficiency. In consideration of the 
biological importance of adenosine, it is thus necessary to explore various analytical 
methods that allow accurate quantification of adenosine present in the body fluids.  
Several publications have reported using immunoassay5, 6, radioactive isotope-
labeled substrates coupled to scintillation counter7, high performance liquid 
chromatography (HPLC)2, 3 and liquid chromatography-mass spectrometry (LC-MS)8 
for the determination of adenosine in body fluids. However, some of these analytical 
methods are health hazardous, expensive, time consuming and require extensive 
sample pre-treatment. Consequently, CE has emerged to be a potentially fast and 
sensitive alternative technique for the detection of adenosine1, 9, 10. In addition, its 
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instrumental set-up is simple and relatively inexpensive. Low reagent consumption in 
CE analysis reduces the need for large volumes of hazardous volatile organic 
compounds (VOCs) that are often required in LC instruments. Moreover, its short 
analysis time may prove to be advantageous for routine analysis of large amounts of 
clinical samples. However, prior to analysis, simple sample pre-treatment has to be 
carried out to further enhance the sensitivity of the technique and to isolate the analyte 
from the complex biological matrix. 
 
2.2  Liquid-liquid extraction of adenosine 
2.2.1  Liquid-liquid extraction using ionic liquid 
Besides adenosine, biological fluids also contain many other biomolecules, 
ranging from small molecules (for example metabolites) to large molecules (for 
example proteins) which can interfere with the quantitative determination of 
adenosine during CE analysis. Sample pre-treatment is, thus, needed to enhance the 
detection sensitivity of adenosine. Most importantly, pre-treatment ensures more 
reproducible determinations of adenosine.  A poor sample pre-treatment can 
invalidate the entire analytical method, leading to erroneous results and waste of 
time11. 
There are a wide variety of sample preparation techniques that have been 
developed to date11-13. One such method is the liquid-liquid extraction (LLE) 
technique. The LLE is commonly used in the industries in view of its simplicity, low 
costs and ease of scaling up. Studies on using LLE to pre-concentrate and purify 
biomolecules have also been carried out extensively14-16. In LLE, the analyte of 
interest is transferred from the sample matrix to an immiscible solvent, known as 
extractant, in which the analyte has preferential solubility in17, 18. Despite its 
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widespread use, critics of LLE have spoken against it mainly for the use of large 
volumes of VOCs as solvents. These VOCs are hazardous to both the environment 
and health due to their toxicities as well as flammabilities19. In addition, these VOCs 
are unsuitable for the purification of biomolecules since it may cause them to 
denature17. 
Hence, an alternative to these VOCs should be used instead while ensuring the 
benefits of LLE can still be realized. In 1998, Rogers and his co-workers20 initiated 
the use of ionic liquids (ILs) in the LLE of substituted benzene derivatives from water. 
They reported the inherent characteristics of ILs, such as negligible vapour pressure, 
good air and water stability, wide liquid range as well as the ability to tune their 
properties to solvate a wide range of compounds which would make them desirable  
substitutes in LLE. Moreover, it had also been reported, by both Hiroyuki et. al.21 and 
Winterton et. al.22, that ILs could preserve biomolecules instead of denaturing them. 
Thus, this had subsequently led to a series of publications in the analysis of 
environmental pollutants23-25, food contaminants26 and small biomolecules like amino 
acids27 using ILs as an extractant in LLE.  
The ionic liquids (ILs), otherwise known as molten salts, belong to a class of 
non-molecular ionic solvents with melting points of not exceeding 100 ˚C 28. They 
consist typically of a bulky asymmetric organic cation such as those depicted in 
Figure 2.1, coupled with an assortment of anions, for instance, [PF6]-, [BF4]-, 
[CF3SO3]-, [(CF3SO2)2N]-, [CF3CO2]-, [CH3CO2]-, [NO3]-, [Cl]- and [Br]- 19, 29. The 
synthesis of ILs consists of two main parts – protonation or alkylation to form the 
cationic moiety and anionic exchange30. By varying the length of the alkyl 
substituents on the cations as well as the nature of the complementary anion, various 
properties of ILs such as viscosity, hydrophilicity and solvation power can be tailored 
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to fit the analyst requirements.   However, the conventional ILs synthesis process 
usually takes 2-3 days due to a relatively longer time needed for the formation of 
cation.  Fortunately, this synthesis time can be reduced to mere minutes, with minimal 
starting reagents and satisfactory product yield, via microwave-assisted synthesis as 

















Figure 2.1 Representative cations used in the synthesis of ILs. 
 
 
With the ease of synthesis and the attractive characteristics of ILs, it is with 
little doubt that ILs are potentially suitable extractants for the LLE of adenosine. 
However, ILs do not possess any extraction specificity. Any biomolecules that have 
similar physical and chemical characteristics to adenosine, for instance other 
nucleotides such as guanosine, cytosine as well as their metabolites, in biological 
fluids may also be extracted by the ILs along with adenosine. Additional molecular 
recognition properties have to be induced on the ILs so as to enhance their extraction 






2.2.2  Target specific liquid-liquid extraction with ionic liquid-aptamer 
Aptamers are short functional oligonucleotides that are used as ligands to bind 
to a given target with high specificity and affinity. Their dissociation constant for 
small targets such as Zn2+, arginine and carcinogenic aromatic amines are in 
millimolar to micromolar range while that of large targets, for instance proteins, reach 
as low as nanomolar to picomolar range32. There are DNA and RNA aptamers. The 
DNA aptamers are relatively more stable as they are more nuclease resistant while the 
RNA aptamers possess comparatively higher binding affinity due to their ability to 
have greater conformational flexibility32. They are selected from very large libraries 
of randomized oligonucleotide sequences via in vitro selection and amplification with 
techniques such as systematic evolution of ligands by exponential enrichment 
(SELEX) and equilibrium capillary electrophoresis equilibrium mixture (ECEEM)33. 
The expanding aptamer database34 for a diversity of targets have consequently been 
extensively used by researchers for various analytical and diagnostics applications in 
the fields of biological and electrochemical sensors, affinity chromatography and 
affinity CE32, 33, 35, 36.  
 In these applications, the advantages of aptamers have led to promising results 
over antibodies37. The aptamers are chemically synthesized with high reproducibility 
as well as accuracy and, thus, do not rely on animals for production. Moreover, the 
desired aptamers can be selected and modified with fluorescence label under 
customized non-physiological conditions. Most importantly, unlike antibodies, 
aptamers can undergo reversible denaturation and have longer shelf life even at 
ambient temperature. Their good stability and the ability to customize them to suit the 
intended purpose meant that further applications of aptamers can be explored.  
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Previously, there are some publications reporting on work involving 
deoxyribonucleic acids (DNA) and ILs 21, 38-40.  As such, it is possible to conjugate 
aptamers to ILs to induce molecular recognition specificity on the latter. Hence, in 
this work, a preliminary investigation was carried out to evaluate the extraction 
efficiency of a target specific ILs extractant to isolate adenosine from aqueous sample. 
Two methods of conjugating the aptamer to ILs were proposed.  
The first method involved conjugating 1-butyl-3-methylimidazolium 
([C4MIM]) based ILs to the negatively charged oligonucleotides based aptamer of 
adenosine via acid-base neutralization. Ohno and his coworkers39 had earlier reported 
on using basic 1-butyl-3-methylimidazolium hydroxide ([C4MIM]OH)), as shown in 
Figure 2.2(a), to neutralize the protonated phosphate groups on the double stranded 
DNA (dsDNA) as depicted in Figure 2.2(b). Hence, a slightly modified procedure 
where an aptamer, a single stranded DNA (ssDNA), was used in place of the dsDNA, 
was adopted in this work. 
The second method involved the dissolution of aptamer in 1-butyl-3-
methylimidazole based ILs. Several papers had reported on the solubility of synthetic 
polymers like poly(N,N-dimethylacrylamide) and poly(acrylonitrile) in 
butyltrimethylammonium bis(triflylmethylsulfonyl)imide and 1-alkyl-3-
methylimidazolium based ILs 22, 41-44. Consequently, Ohno’s and his co-workers had 
published works on the dissolution of natural polymers like DNA and ribonucleic acid 
(RNA), in ammonium, imidazolium and pyridinium cationic based ILs21, 38-40. The 
high ionic salt composition of ILs disrupts the higher order structure of 
deoxyribonuclease (DNase) and ribonuclease (RNase), causing them to be degraded 
and thus deactivated. As such, the structures of DNA and RNA can be preserved. The 
DNA and RNA can, hence, be handled at room temperature with ease. Furthermore, 
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the group had also reported that the ILs should preferably be made up of imidazolium 
cations coupled to halide or carboxylate anions, and hence such ILs have good 

























































Figure 2.2 Chemical structures of (a) 1-butyl-3-methylimidazolium hydroxide ([C4MIM]OH) 
and (b) the four nucleotides on the dsDNA. 
 
In this work, a 42-nucleotide long aptamer for adenosine was first dissolved in 
[C4MIM] cationic based IL before it was used as an extractant in LLE to extract 











2.3  Experimental 
2.3.1  Materials and apparatus  
2.3.1.1 Instrumentation  
Microwave experiments were conducted using a Biotage Initiator Microwave 
Reactor (SciMed (Asia) Pte Ltd, Singapore). All nuclear magnetic resonance (NMR) 
spectra were recorded via a Bruker ACF 300 FT NMR spectrometer (Bruker, 
Rheinstetten, Germany), with chemical shifts referenced to residual solvent peaks in 
the respective deuterated solvents. 
CE was performed on a laboratory built system equipped with a power supply 
(CE Resources, Singapore) and a Linear Instrument UV/Vis 200 (Reno, NV, USA) as 
its complementary UV/Vis detector. Data acquisition and recording of 
electropherograms were accomplished with CSW Chromatography Station (DataApex, 
Prague, Czech Republic). Bare silica capillary with external polyimide coating of i.d. 
50 μm and o.d. 360 μm (Polymicro Technologies, Phoenix, AZ., USA) were used. 
The temperature was maintained at 25 ± 1 ˚C. The pH of the buffer solutions were 
measured with a pH meter (Science and Medical Pte Ltd, Singapore).  
 
2.3.1.2 Reagents and chemicals  
All chemicals were of reagent grade unless othewise stated. Methylimidazole 
(MIM) and 1-chlorobutane (BuCl) were purchased from Fluka (Buchs, Switzerland).  
Cytosine, hexafluorophosphoric acid (HPF6), 2’-deoxycytidine-5’-monophosphate 
(deoxyCMP), 2’-deoxyguanosine, thymidine and adenosine were procured from 
Sigma (Steinheim, Germany). Poly(vinylalcohol) (PVA) (MW ~ 50 000, 99+% 
hydrolyzed) was purchased from Aldrich (St. Louis, USA). Duolite A113 chloride 
(Cl-) based resin (BDH Chemicals, Poole, UK) was obtained from the Analytical 
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Teaching Laboratory, Department of Chemistry, NUS while Amberlite® IRA400 
hydroxide (OH-) form resin was obtained from Supelco (Pennsylvania, USA). 
Triethylamine (NEt3) and silver nitrate (AgNO3) were purchased from Riedel de Haën 
(Seezle, Germany). Both the trishydroxymethylaminomethane (Tris) and 
ethylenediaminetetraacetic acid (EDTA) buffers as well as HPLC-purified 42-
oligonucleotide long DNA aptamer (42-mer) (5’- GTG CTT GGG GGA GTA TTG 
CGG AGG AAA GCG GCC CTG CTG AAG-3’) for adenosine were procured from 
1st Base (Singapore). HPLC grade ethyl acetate (EA), isopropanol (IPA), acetic acid 
and sodium acetate were obtained from Merck (Darmstadt, Germany). Acetonitrile 
(ACN) was obtained from Tedia (Fairfield, Ohio, USA) in HPLC grade. Sodium 
hydroxide (NaOH) and hydrochloric acid (HCl) were bought from Chemicon 
(Temecula, California, USA) and from Fluka BioChemika (Buch, Switzerland) 
respectively. Deionised water (DI H2O) used throughout this experiment had 
resistivity ≥18 MΩ and was supplied by a NANOpure ultrapure water purification 
system (Barnstead, IA, USA). All solutions used in CE were filtered with 0.20 μm 
Millisart filter (Gottingen, Germany) prior to use. 
 
2.3.2 Microwave synthesis of 1-butyl-3-methylimidazolium chloride 
1-Butyl-3-methylimidazolium chloride ([C4MIM]Cl) was synthesized via a 
modified procedure published by Deetlefs et.al.31. The microwave reaction parameters 
were further refined in consideration that a different microwave reactor was used. The 
modified procedure was described as followed: The distilled 1-methylimidazole and 
1-chlorobutane were mixed in a molar ratio of 1:1.2 before being allowed to react at 
300 ˚C for 20 min powered at 300 W under closed vessel condition. A resulting 
golden yellow reaction mixture was obtained and transferred to a pear-shape flask. It 
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was washed with ethyl acetate thrice under a 50 ˚C warm water bath prior to solvent 
removal in vacuo. The product was subsequently characterized by 1H NMR 
spectrometery and its purity was verified using CE-UV as mentioned in Section 2.3.3. 
Its 1H NMR spectrum (300 MHz, D2O, ppm), as seen in Appendix 1, was as followed: 
δ = 0.8536 (t), 1.2491 (sextet), 1.7800 (quintet), 3.8180 (single), 4.1242 (triplet), 
7.3544 (singlet) and 7.4031 (singlet). 
 
2.3.3 Analysis of 1-butyl-3-methylimidazole based ionic liquid via CE-UV 
A PVA coated capillary was first prepared according to the procedures 
illustrated by Gilges et. al.45 The running buffer, consisted of 5.0 mM sodium acetate, 
5.0 mM triethylamine and 75 mM sodium chloride adjusted to pH 4.5 by acetic acid, 
was similar to that reported by Qin et. al.46. The capillary was rinsed with water and 
running buffer for 10 min each before the commencement of daily runs. Samples were 
loaded by gravity at the anode end for 10 s. The separation was carried out at a 
constant voltage of +14 kV at a detection wavelength of 210 nm. The capillary was 
flushed with running buffer for 2 min in between runs. The capillary was rinsed with 
water for 2 min and dried with air prior to storage at the end of the day. 
 
2.3.4 Synthesis of 1-butyl-3-methylimidazolium based ionic liquid 
The [C4MIM]OH was obtained from [C4MIM]Cl utilizing ionic exchange 
chromatographic method, with anionic resins, briefly illustrated by Ohno and his 
coworkers39.  Two types of resins, Duolite A113 (OH-) and Amberlite IRA-400 (OH-), 
were tried in this work.  
Prior to use, the Duolite A113 (Cl-) resins, were converted to Duolite A113 
(OH-) resins with 0.5 M NaOH. A saturated [C4MeIM]Cl solution was subsequently 
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loaded and flushed through with deionised water at a flow rate of approximately 0.6 – 
1.3 cm3min-1. The collection of the eluted solution was initiated when its pH turned 
basic. Subsequently, it was concentrated via the removal of solvent before 
characterization with 1H NMR spectrometry was carried out. Its 1H NMR spectrum 
(300 MHz, D2O, ppm), seen in Appendix 2, was illustrated as followed: δ = 0.8196 
(triplet), 1.2149 (sextet), 1.7460 (quintet), 3.7862 (singlet), 4.0925 (triplet), 7.3232 
(singlet) and 7.3670 (singlet). The concentrated [C4MIM]OH was subsequently 
quantified from a standard calibration plot via CE-UV analysis, as described in 
Section 2.3.3, with MIM as an internal standard. The anionic exchange with 
Amberlite IRA-400 (OH-) resins was carried out with the same procedure described 
above.  
1-Butyl-3-methylimidazolium-2’-deoxycytidine-5’-monophosphate 
([C4MIM]deoxyCMP) was derived from the partial neutralization of the acidic  2’-
deoxycytidine-5’-monophosphate with basic [C4MIM]OH as reported by Ohno et. 
al.39. The CE-UV quantified [C4MIM]OH was subsequently added to 2’-
deoxycytidine-5’-monophosphate in the molar ratio of 1:1 with 4 mL of deionised 
water. The reaction mixture was allowed to stir for an hour before the excess water 
was removed via vacuum suction. The resultant product was washed with ethyl 
acetate repetitively before subjecting being dried and analyzed using NMR 
spectrometery. Its 1H NMR spectrum (300 MHz, D2O, ppm), as seen in Appendix 3 
was obtained as followed: δ = 0.8404 (triplet), 1.2368 (sextet), 1.7668 (quintet), 
2.3837 (multiplet), 3.8065 (singlet), 4.0092 (multiplet), 4.1122 (triplet), 4.1585 
(multiplet), 6.1585 (doublet), 6.2170 (triplet), 7.3418 (singlet), 7.3900 (singlet), 




2.3.5 Synthesis of 1-butyl-3-methylimidazolium hexafluorophosphate  
 1-Butyl-3-methylimidazolium hexafluorophosphate ([C4MIM]PF6) was 
prepared from [C4MIM]Cl via anionic exchange modified from the procedure 
described by Huddleston et. al.47. A mixture containing HPF6 and [C4MIM]Cl in the 
molar ratio of 1.5:1 respectively, was allowed to be stirred in 22.5 mL of DI water for 
2 h. A biphasic layer, consisting of a colourless top layer solution and a purple layer 
below it, was observed. The bottom layer, containing [C4MIM]PF6, was retained and 
washed repeatedly with DI water till it was neutralized. A purified viscous pale 
yellow liquid, [C4MIM]PF6 was obtained after vacuum drying and was subjected to 
NMR spectrometery analysis. Its 1H NMR spectrum (300 MHz, CHCl3, ppm), as seen 
in Appendix 4 was depicted as followed: δ = 0.9796 (t), 1.3666 (sextet), 1.8808 
(quintet), 3.9659 (s), 4.1817 (t), 7.2064 (s), 7.2185 (s) and 8.6944 (s) while its 19F 
NMR spectrum (300 MHz, CHCl3, ppm), as seen in Appendix 5, displayed two 
singlet peaks at δ = 2.0793 and 4.6022. 
 
2.3.6 Liquid-liquid extraction of adenosine using 1-butyl-3-methylimidazolium 
based ionic liquid-42-mer extractant 
To determine the extraction efficiency of [C4MIM] based IL-42-mer extractant 
for adenosine, 100 µL of [C4MIM]Cl and 178 µL of 200 µM 42-mer was added to 
Vial 1. Vial 2, as a reference, contained only [C4MIM] based IL as extractant.  Both 
mixtures in the vials were dried via vacuum suction overnight so as to drive the 
dissolution of adenosine in the IL. 100 µL of [C4MIM]PF6 was subsequently 
introduced to both vials along with the adenosine sample solution in the molar ratio of 
2:1 of 42-mer and adenosine respectively. The mixtures were vortexed vigorously for 
30 min before been allowed to stand for 10 min prior to decanting the denser IL 
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extractant from the aqueous layer. The IL and aqueous layer were diluted with IPA: 
DI H2O solution in the ratio of 3:1 before being subjected to CE-UV for the 
quantification of the extracted adenosine via standard addition calibration method. 
  In the determination of the selectivity of [C4MIM] based IL-42-mer 
extractants, two analogues of adenosine, 2’-deoxyguanosine and thymidine, were 
added into the aqueous samples spiked with adenosine. The same extraction 
procedure as described above was adopted except for a different molar ratio of 42-mer: 
adenosine: 2’-deoxyguanosine: thymidine to 3:1:1:1. The quantity of 42-mer used in 
this extraction was three times in excess relative to adenosine. This aided in 
increasing the interaction frequency between the 42-mer and adenosine in the 
additional presence of structural analogues of adenosine.  The extracted analytes were 
subsequently quantified using CE-UV via standard addition calibration method.  
 
2.3.7 CE-UV analysis of adenosine 
A fused silica capillary was conditioned with 1 M sodium hydroxide, 1 M 
hydrochloric acid and water for 10 min each. Before experiment, the conditioned 
capillary was first flushed with water followed by the running buffer for 5 min each. 
In between runs, the capillary was rinsed with running buffer for 2 min and separation 
voltage was applied for 2 min prior to the start of each run to ensure baseline stability 
and reproducibility.  All experiments were performed at 25 ± 1 °C. Samples were 
introduced into the capillary via gravity siphoning for 15 s. The electrophoresis was 
performed with an applied voltage of +20 kV at detection wavelength of 260 nm. Two 
standard addition calibration plots for the analysis of aqueous and IL extracted layers 




2.4  Results and Discussion 
2.4.1 DNA aptamer of adenosine  
In this work, the DNA aptamer of adenosine was used. Both DNA and RNA 
aptamers of adenosine had been isolated by Szostak and his co-workers 48, 49. 
However, it was reported that the RNA aptamer was less stable than the DNA 
aptamer due to the former’s susceptibility towards RNases as explained by Kim et. al 
50. The DNA aptamer of adenosine was made up of 42 oligonucleotides, with the 
sequence of 5’- GTG CTT GGG GGA GTA TTG CGG AGG AAA GCG GCC 
CTG CTG AAG-3’. Several papers had described various applications with it 10, 51. 
Within this 42-mer, the section of 25 bases, bolded in the aptamer sequence, was 
responsible for the molecular recognition of adenosine. As illustrated in Figure 2.3, 
this G-rich section was characteristically made up of two highly stable stacked G-
quartets, two invariant adenosine nucleotides, a base-paired stem and a stem closing 
loop 49. Szostak and his group49 found that the essential binding sites on adenosine 
were the 3’-hydroxy group on its sugar group, the N1, N6 and N7 nitrogen atoms on 
adenine as depicted in Figure 2.4 below. The 42-mer would bind to adenosine through 
these sites via hydrogen bonding with a dissociation constant of 6 ± 3 μM. Any 
modifications to these positions on the target molecule would decrease the affinity of 





Figure 2.3 Characteristics of the molecular recognition section of the 42-mer (5’---CTT 















Figure 2.4 Chemical structure of adenosine. The atoms with superscripted letter are the 
binding sites on adenosine for its interaction with its 42-mer - a refers to N1, b refers to N6, c 
refers to N7 of adenine and d refers to 3-hydroxy group on its sugar group. 
 
 
2.4.2 Synthesis of 1-butyl-3-methylimidazolium-2’-deoxycytidine-5’-
monophosphate 
One of the techniques to alter the property of ILs is by changing its counter 
anion. The basic [C4MeIM]OH was neutralized by the protonated 42-mer of 
adenosine as depicted in Scheme 2.1.  In the reaction, the 42-mer of adenosine 









































Scheme 2.1 The acid-base reaction between [C4MIM]OH and 42-mer of adenosine. 
 
The [C4MIM]OH required for the reaction was unavailable commercially. An 
anionic exchange of [C4MIM]Cl with OH- based resins was performed. The Duolite 
A113 (OH-) resins were used initially. A colourless solution, which subsequently 
turned into a viscous pale yellow liquid when dried, was collected from the anionic 
exchange and verified to be [C4MIM]OH. Its pH was observed to increase from 5 to 9 
after the anionic exchange from Cl- to OH-. 
Its actual concentration was subsequently quantified with an in-house CE-UV 
system before further application could be initiated. The corresponding 
electrophereogram is shown in Figure 2.5. A calibration plot of the peak area was 
derived and a linear correlation coefficient value of 0.9996 was obtained. Low relative 
standard deviation (RSD) values of 0.03 – 0.9 % in migration time and 0.5 - 1.8 % in 
peak area were achieved with this CE-UV methodology. 
 Thus, from the CE-UV analysis, only 48 % (w/w) of [C4MIM] based IL 
consisted of [C4MIM]OH. The remaining 52 % (w/w) of [C4MIM] based IL was 
likely to be attributed to water due to the hygroscopicity of [C4MIM]OH and 
incomplete drying of [C4MIM]OH. [C4MIM]OH was not heated during the drying 
process as it might decompose. The required amount of [C4MIM]OH was weighed 
out to react with deoxyCMP as depicted in Scheme 2.2. The deoxyCMP was used in 
place of 42-mer in validating this synthesis technique via 1H NMR spectrometry. This 
aided in simplifying the interpretation of the 1H NMR spectrum as well as allowing 
observable changes in chemical shift of the proton peaks due to lower number of 
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proton peaks attributed to deoxyCMP as compared to that of the multiple nucleotides 
in the 42-mer.  
In this reaction, a molar ratio of 1:1 of [C4MIM]OH and deoxyCMP was used 
instead of complete neutralization of deoxyCMP with [C4MIM]OH. Being dibasic, 
the deoxyCMP could be wrapped up with [C4MIM] moieties if a complete 
neutralization was carried out. A similar result could also be expected if such reaction 
was carried out on the 42-mer. The outer domain of the multi-protonated 
oligonucleotides on the 42-mer would also being lined with several [C4MIM] moieties. 
This could potentially hamper the folding of the 42-mer required for the molecular 
recognition of adenosine. The mole ratio of [C4MIM] to deoxyCMP calculated from 
its 1H NMR spectrum was observed to be 1:0.5. This differed from the initial added 
mole ratio of 1:1. Such discrepancy meant that only half of the [C4MIM] based IL had 
OH- as its counter anion while the remaining half were coupled to Cl- instead. Neither 
1H NMR spectrometry or CE-UV analysis could distinguish between the [C4MIM]Cl 
and [C4MIM]OH IL as they differed from each other by its anions. A silver halide test 
was, hence, carried out on the [C4MIM] based IL. A white precipitate, silver chloride, 
was observed. This indicated that the anionic exchange on the [C4MIM]Cl by the 
Duolite A113 (OH-) resins was indeed incomplete. Hence, stronger basic anionic 





Figure 2.5 Electrophereogram of the various concentrations of MIM standard as well as that 
of the synthesized [C4MIM]OH. It was analyzed with 5 mM sodium acetate, 5 mM 
triethylamine and 75 mM sodium chloride at pH 4.5 in a 50 μm i.d PVA coated capillary with 
an effective length of 50 cm with an applied voltage of +14 kV at a detection wavelength of 
210 nm. (a) [C4MIM]OH after 100-fold dilution, (b) 5 mg·L-1, (c) 25 mg·L-1, (d) 50 mg·L-1 (e) 





























Scheme 2.2 The acid-base reaction between [C4MeIM]OH and 2’-deoxycytidine-5’-
monophosphate (deoxyCMP). 
 
 However, when Amberlite IRA-400 was used, the 1H NMR spectrum 
indicated that the [C4MeIM]OH collected might have degraded. Its 1H NMR spectrum, 
(D2O, ppm) shown in Appendix 4, consisted of peaks at similar chemical shifts as 
those abovementioned for the [C4MIM]OH. However, some of the peaks of C4MIM 
were masked by interfering peaks at chemical shift of 2.3 – 3.5 ppm.  In view of the 
problems encountered in conjugating the 42-mer to [C4MIM] based IL via acid-base 
reaction, an alternative approach was utilized instead to obtain a target specific IL 
extractant for LLE.  
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2.4.3 Liquid-liquid extraction of adenosine using 1-butyl-3-methylimidazolium 
based ionic liquid-42-mer aptamer extractant 
Since it was described by Ohno’s research group21 that ILs could aid in the 
dissolution and preservation of DNA and RNA, it was hence proposed here that the 
42-mer of the adenosine was to be dissolved in the IL to induce specificity in 
extracting adenosine from an aqueous sample. There were several advantages of using 
this method. First, such dissolution method was relatively simple to prepare. More 
importantly, it would not disrupt the folding of the 42-mer into its three dimensional 
structure. In the partial neutralization method, if the mole ratio of the reaction was not 
controlled well, the 42-mer could be surrounded by the [C4MIM] moieties. Thus, this 
would in turn affect the 42-mer’s molecular recognition property. 
In this LLE, the extractant used was the hydrophobic [C4MIM]PF6. Prior to 
drying of the [C4MIM]PF6, the aqueous 42-mer was added to it. However, the 42-mer 
was found to be insoluble in the [C4MIM]PF6 despite subsequent heating at 50 ˚C and 
vortexing for 30 min. The hydrophobicity of [C4MIM]PF6 prevented the dissolution 
of hydrophilic 42-mer. Thus, the hydrophilic [C4MIM]Cl was introduced to dissolve 
the 42-mer first followed by the addition of [C4MIM]PF6. Before this step was carried 
out, a solubility test was initiated to ensure that [C4MIM]Cl was miscible with 
[C4MIM]PF6 and a biphasic solution would still be formed between the [C4MIM] 
based IL containing 42-mer and the aqueous adenosine despite using a hydrophilic 
[C4MIM]Cl. It was found that [C4MIM]Cl was miscible with [C4MIM]PF6 and that a 
biphasic solution was still observable when [C4MIM]Cl, [C4MIM]PF6 and water, with 
a mole ratio of 1:1:1 respectively, were combined. Hence, an extractant containing 
[C4MIM] based IL and the adenosine specific 42-mer was obtained. 
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Before any analysis could be performed, the running buffer conditions for the 
analysis of adenosine via the CE-UV system had to be optimized. Initially, the 
running buffer conditions of sodium acetate with salts at pH 5.5 used by André et. 
al.10 was tried. However, as seen in the electropherograms in Figure 2.6(a) and (b), 
the peaks of adenosine and 42-mer that migrated out at 9.9 min and 10.0 min 
respectively had interfered with each other. This would prevent accurate 
quantification of adenosine. Hence, an alternative buffer system was developed. Tris, 
a physiological buffer that was commonly used in the analytical applications of 
aptamer in CE 50, 52, together with EDTA, was used. Nevertheless, such a buffer 
system was still unsuitable for the analysis. As observed in the electrophereograms in 
Figure 2.7(a) and (b), adenosine co-migrated with EOF at 6.5 min. In Figure 2.7(c), 
the adenosine peak was completely obscured by the large EOF peak when the sample 
was prepared in acetonitrile. Acetonitrile was used as a solvent to dissolve the IL 
extractant before injection into the aqueous buffer media in the capillary. The neutral 
and non-UV absorbing acetonitrile, would thus migrate with the EOF as indicated by 
the large dip in Figure 2.6(c). Furthermore, the co-migration of adenosine with EOF 
implied that adenosine was of neutral charge in this buffer condition. Adenosine, with 
a pKa of 3.6 (N1 of adenine) and pKa of 12.4 (2’- or 3’- hydroxyl group of the ribose 
sugar moiety)9 was neutrally charged at the buffer pH of 8 which explained its co-
migration with the EOF marker. Thus, the Tris and EDTA buffer system, with a 




Figure 2.6 Electrophereogram depicting (a) 25 μM adenosine with 0.5% (v/v) dimethyl 
sulfoxide (DMSO) as EOF marker and (b) 25 μM 42-mer injected via siphoning for 10 s. It 
was analyzed with 10 mM sodium acetate, 20 mM sodium chloride (NaCl) and 5 mM 
magnesium chloride (MgCl2) at pH 5.5 in a 50 μm i.d capillary with an effective length of 50 
cm at an applied voltage of +20 kV at a detection wavelength of 260 nm. Peak identification: 




Figure 2.7 Electrophereogram depicting (a) 200 μM adenosine, (b) blank water and (c) two-
fold acetonitrile diluted ionic liquid layer after extraction of adenosine injected via siphoning 
for 10 s. It was analyzed with 10 mM Tris and 1 mM EDTA at pH 8.0 in a 50 μm i.d capillary 
with an effective length of 50 cm at an applied voltage of +20 kV at a detection wavelength of 
260 nm. Peak identification: 1) Adenosine, 2) EOF marker caused by water (dip), 3) EOF 
marker caused by acetonitrile (dip). 
 
 An alternative buffer system with a buffering capacity range that included pH 
below 3.5 would ensure that adenosine was positively charged. 40 mM acetic acid at 
pH 3.1 would be such a buffer system. This buffer system could also reduce the Joule 
heating in the capillary due to the lower conductivity and, consequently, the band 
broadening effect as well. The reduced conductivity was consistent with current 
measurements as the previously mentioned buffer systems of above 40 μA while the 
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acetic acid based buffer system only produced 10 μA of current. The detection of 
adenosine with this acetic acid based buffer system was shown in Figure 2.8(a) and 
(b). Adenosine, which had migrated out at 5.2 min, did not co-migrate with the EOF 
marker which eluted at 18 min. This buffer system had reasonable RSD values of 0.8 
– 6 % in migration time and 0.6 – 3 % in peak area except when low concentrations of 
adenosine (less than 10 µM) were analyzed.  An internal standard, cytosine was added 
in the analysis of adenosine since the latter’s migration time was affected by the 
presence of organic solvents like acetonitrile and IL as observed in Figure 2.8 (c) 




Figure 2.8 Electrophereogram depicting (a) 25 μM adenosine and 50 μM cytosine in aqueous 
solution, (b) forty-fold dilution of [C4MIM]PF6 with ACN:DI H2O (9:1) solvent and (c) 50 
μM adenosine and 25 μM cytosine in [C4MIM]PF6 and ACN: DI H2O (9:1) solvent injected 
via siphoning for 15 s. It was analyzed with 40 mM acetic acid at pH 3.1 in a 50 μm i.d 
capillary with an effective length of 45 cm at an applied voltage of +20 kV at a detection 
wavelength of 260 nm. Peak identification: 1) Cytosine, 2) Adenosine, 3) EOF marker caused 
by ACN.  
 
 The [C4MIM]PF6 obtained was analyzed with 1H and 19F NMR spectroscopy 
before use. The IL containing the hydrophobic [C4MIM]PF6 was diluted with ACN: 
DI H2O (9:1) solvent so as to prevent the formation of microemulsion with the 
aqueous buffer in the capillary. The standard solutions of samples (adenosine, 
cytosine and 2’-deoxyguanosine) were also dissolved in ACN: DI H2O (9:1) to 
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replicate the sample matrix. However, these standards were found to be insoluble in 
this organic solvent mixture. Thus, IPA: DI H2O (3:1) solvent was used instead.   
After the extraction, both the aqueous and IL layers were analyzed using CE-
UV. However, the CE-UV analysis on the IL was found to result in poor relative 
standard deviation (RSD) values (> 15%) in both migration time and peak area. It was 
thus deemed inappropriate to carry out the standard addition calibration with it. This 
was probably attributed to the high viscosity of the IL and the possible adsorption by 
the IL on the capillary walls that resulted in poor RSD values. As such, only the 
aqueous layer was used to quantify the amount of adenosine left unextracted.  
The first analysis involved comparing the extraction efficiency of [C4MIM] 
based IL with [C4MIM] based IL containing dissolved 42-mer. The calibration plot 
was reported to have a linear correlation coefficient of 0.9829 and RSD value of less 
than 3% in migration time and less than 5% in peak area (the values were normalized 
to the internal standard, cytosine). It was noted in Table 2.1 that the extraction 
efficiency of the [C4MIM] based IL containing dissolved 42-mer extractant only 
improved by 6 % over the unmodified [C4MIM] based IL. The unmodified [C4MIM] 
based IL itself could already achieve reasonably good extraction efficiency for 
adenosine largely due to π-stacking interaction between its imidazolium moiety and 
the purine ring on the adenosine.   The petite improvement in the extraction efficiency 
of [C4MIM] based IL-42-mer extractant was in part attributed to not renaturing the 
42-mer prior to extraction. Deng et. al.51 had reported renaturing the 42-mer at 82˚C 
for 2.5 min before use. Renaturing the aptamer ensured that it was “activated” for 
molecular recognition. However, André et. al.10 had proceeded with his analytical 
application of the 42-mer of adenosine without renaturing it. Thus, more had to be 
done to investigate the nature of the 42-mer. Besides, a longer vortex time could be 
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considered to allow longer interaction between 42-mer and adenosine.  The extraction 
efficiency of [C4MIM] based IL-42-mer extractant could also be further improved if 
liquid phase micro-extraction (LPME) was performed instead of LLE. The LPME 
utilized very low volumes of extractants for extraction which would be advantageous 
in this analysis where only a small amount of 42-mer (35 nmol) was used. 
Furthermore, with the added benefit of a large surface area provided by the micro 
drop in LPME, more effective interaction between 42-mer and adenosine in the 
aqueous sample could occur. Lastly, the extraction of adenosine into the [C4MIM] 
based IL-42-mer extractant could be enhanced by reducing the pH of the aqueous 
sample to less than 3.6. At acidic pH, the adenosine would be predominantly 
positively charged. Thus, it would be electrostatically attracted to the ionic [C4MIM] 
based IL-42-mer extractant.  
 
Table 2.1 The extraction efficiency of [C4MIM] based IL and [C4MIM] based IL-42-mer 
extractants for adenosine in aqueous sample. 
 
Analyte 
Extraction Efficiency of  
   [C4MIM] based IL (%)     [C4MIM] based IL-42-mer (%) 
Adenosine 70.1 76.2 
 
 
In the second analysis, the selectivity of the [C4MIM] based IL-42-mer 
extractant was investigated. Thymidine and 2’-deoxyguanosine, the structural analogs 
of adenosine (see Figure 2.7), were added into the aqueous sample solution along with 
adenosine in this extraction. Based on the data provided in Table 2.2, the [C4MIM] 
based IL extractant was able to extract all three nucleosides with similar efficiencies 
indicating that there was no selectivity. However, when the extractant was substituted 
with [C4MIM] based IL-42-mer, notable change in the extraction efficiency for 
thymidine was observed. The [C4MIM] based IL-42-mer extractant have no 
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preference for thymidine. This was probably attributed to the differences in the 
nucleobase of thymidine relative to adenosine and 2’-deoxyguanosine. As mentioned 
previously and depicted in Figure 2.9, the nitrogen atoms, namely N1, N6 and N7, on 
the purine nucleobase of adenosine as well as 3’-hydroxy on the sugar group of 
adenosine, were the main interaction sites with 42-mer. However, thymidine had a 
pyrimidine nucleobase that did not have any of these nitrogen atoms critical for 
molecular recognition by the 42-mer. This was in contrast to 2’-deoxyguanosine, 
which like adenosine, was made up of the purine nucleobase. Hence, the extraction 
efficiencies for both 2’-deoxyguanosine and adenosine were similar despite the 
addition of 42-mer in the [C4MIM] based IL extractant.  
From this trend in the extraction results, it was observed that [C4MIM] based 
IL-42-mer extractant indeed had certain selectivity for adenosine.  It could distinguish 
adenosine from structures that lacked all the significant interaction sites. Moreover, 
despite being dissolved in the [C4MIM] based IL, the molecular recognition properties 
of the 42-mer was largely unaffected. This observation implied that the [C4MIM] 
based IL had not wrapped up the 42-mer interfering in its molecular interaction with 
its target. However, the extraction efficiency of [C4MIM] based IL-42-mer extractant 
for adenosine could be further improved if excess 42-mer was dissolved in the 
[C4MIM] based IL since its structural analogue, 2’-deoxyguanosine, was observed to 
compete with adenosine for 42-mer. In addition, other extraction parameters like the 
extraction time, volume of extractant and the type of ionic liquids used could be 
examined further to optimize the extraction efficiency and selectivity of [C4MIM] 





Table 2.2 The extraction efficiency of [C4MIM] based IL and [C4MIM] based IL-42-mer 




Extraction Efficiency of  
[C4MIM] based IL (%) [C4MIM] based IL-42-mer (%)
Adenosine 47.1 48.8 
2’-Deoxyguanosine 46.4 48.4 



































Figure 2.9 Chemical structures of the adenosine and its analogues, 2’-deoxyguanosine and 
thymidine. The atoms with superscripted letter are the binding sites on adenosine for its 
interaction with its 42-mer - a refers to N1, b refers to N6, c refers to N7 of its purine 
nucleobase and d refers to 3-hydroxy group on its sugar group. 
 
 
2.5  Conclusion 
 A set of CE buffer condition based on acetic acid at pH 3.1 was developed for 
the detection of adenosine with concentration greater than 10 µM. This buffer system 
ensured that the adenosine was charged such that the EOF marker would not interfere 
with it. With this CE buffer condition, the unmodified [C4MIM] based ILs were found 
to be able to extract adenosine with satisfactory extraction efficiency (70 %) which is 
likely due to the interaction between the imidazolium moiety of the ILs and the purine 
ring on adenosine. Subsequently, a simpler method of dissolving 42-mer of adenosine 
to [C4MIM] based ILs, consisting of [C4MIM]Cl- and [C4MIM]PF6-, was chosen over 
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the unsuccessful coupling of the negatively charged ssDNA 42-mer to [C4MIM] 
based ILs via the anionic exchange. The latter method was infeasible due to the use of 
unsuitable OH- based resins that had led to either the incomplete conversion of 
[C4MIM] Cl- to basic [C4MIM]OH- or the formation of unstable [C4MIM] based 
product. With the 42-mer being dissolved in [C4MIM] based ILs,  it was found that 
the former could have induced some selectivity on the ILs extractant as shown by the 
latter’s relative higher extraction efficiencies for adenosine and one of its structural 
analogue, 2’-deoxyguanosine, over thymidine. From this observation, it was also 
noted that the [C4MIM] based ILs had not interfered in the molecular recognition 
property for adenosine.   The [C4MIM] based ILs might have stabilize the 42-mer as 
its high ionic content could deactivate the DNase that would otherwise break up the 
42-mer when the latter was added into water or organic solvents which could contain 
DNases.  
 The reported detection limit of adenosine obtained in this work was found to 
be insufficient to detect the low to sub micromolar concentration of adenosine53 that 
could be present in clinical samples. As such, further improvements in extraction 
efficiency and selectivity of this [C4MIM] based ILs extractant containing 42-mer 
could be examined by optimizing additional experimental parameters like extraction 
time, molar ratio between analytes and 42-mer, volume of extractant used and the 
type of ionic liquids used. In addition, there was also a need to reduce the long 
analysis time (45 min) so as to increase the analysis throughput to allow more 
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Floating Resistivity Detector (FRD) for Microchip Electrophoresis of 
Small Biomolecules 
3.1 Microchip and its detection modes 
 In the early 1990s, the emphasis of microchip capillary electrophoresis (MCE) 
research was on the search for new polymeric substrates and microfabrication 
techniques. This had led to the development of several techniques like soft 
lithography, hot embossing, injection moulding and laser ablation that are widely used 
today. The current research trend has since shifted towards advancing the sensitivity 
of the mode of detection and overcoming the challenges of integrating it into the MCE 
system1-4. The focus now is on the search for a universal detection mode to extend the 
applications of microchip into the fields of pharmaceutical, bioanalytical and 
environmental analysis. To achieve the ultimate aim of a fully integrated system, the 
assimilation of the detector into the MCE system is desirable3. 
 In the process of designing and building a suitable detector, several analytical 
challenges affecting the performance of the detector are considered. The foremost 
challenge is that only minute amount of sample (10 – 400 pL) is injected into the 
microchannel each time3. This implies that for a given 1 μM of sample being analyzed, 
only 0.01 – 0.40 fmol of it is being injected in each separation run. The optical 
detectors, for example, may not achieve such low detection limits in view of its 
physical limitations. Thus, alternative highly sensitive detectors, like laser induced 
fluorescence (LIF), need to be utilized in microchip analysis.    
In addition, the appropriate type of microchip substrate has to be considered. 
Optically transparent materials, like glass and PDMS, are required for optical and LIF 
detection. If the detector needs to be incorporated into the MCE system (i.e like the 
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electrochemical detection electrodes), the substrate used has to be easily molded. 
PDMS may fit this criterion. It is, however, prone to adsorption of biomolecules such 
as DNA and proteins. As such, its surface may have to be modified to overcome this 
problem5.    
There are generally four modes of detection in MCE – fluorescence, 
absorbance, mass spectrometry and electrochemical detection. There are also 
alternative, less commonly used detection modes, such as refractive index and Raman 
spectroscopy. Table 3.1 below depicts the sensitivity of the various detection modes. 
Some of these modes require the researchers to be skilled and experienced to set up 
the equipment and interpret the collected data.  
 
Table 3.1 The limit of detection (LOD) of the various modes of detection in MCE where LIF 
refers to laser induced fluorescence, UV-Vis refers to ultraviolet-visible and NMR refers to 
nuclear magnetic resonance6, 7. 
 
Mode of Detection LOD / M 
Direct on-column LIF 10-10 – 10-11 (native) 
 < 1013 (with chemical derivatization) 
Post-column LIF 10-16 
Indirect LIF 10-5 – 10-7 
Mass Spectrometry 10-8 – 10-10 
Potentiometric 10-7 – 10-8 
Conductivity 10-7 – 10-8 
Amperometric 10-7 – 10-8 
UV-Vis absorbance 10-5 – 10-6 
Indirect absorbance 10-5 – 10-6 
Refractive Index 10-5 
Raman Spectrometry 10-3 – 10-6 
 
 As observed in Table 3.1 above, LIF, having the lowest limit of detection 
(LOD), is known to be the most sensitive mode of detection for both CE and MCE to 
date. It can even detect a single molecule8. However, despite these superior 
characteristics, the LIF is shunned in applications that do not need such high detection 
sensitivity. The orthogonal and bulky optical configuration of LIF compromises the 
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goal of miniaturization and portability of microchip. In addition, the LIF equipment, 
consisting of optical components, laser and detector, is typically expensive and 
requires regular maintenance. Furthermore, not all molecules are naturally fluorescent. 
Thus, it is tedious and time-consuming to derivatize these analytes. Additional 
experimental errors are likely to be introduced during the sample preparation. 
 Mass spectrometry (MS), too, gives a relatively low LOD. Most importantly, 
it outperforms other detection techniques as it not only allows a quantitative analysis 
but also provides structural information of the analytes instantly by the examination of 
the fragmentation pattern9. A positive identification of the analytes could be acquired 
without the need for the analysis of their respective standards. However, the mass 
spectrometer also has its limitations. Its equipment set-up is large and costly. 
Interfacing the microchip to its ionization chamber is also a daunting task.  All these 
limitations conflict with the intended concept of integrated microchip system.  
 Other detection methods like absorbance10, refractive index11 and Raman 
spectroscopy12, have considerably high LOD and may not meet present day analytical 
demands. The sensitivity of absorbance spectrophotometry and Raman spectroscopy 
is restricted by the small sample volume injection on the microchip as well as the 
micron size path length of its channels. They are also non-universal detection 
techniques since only molecules that have chromophores or are Raman active can be 
analyzed. Despite its universalities, the refractive index detection technique has 
several limitations. Besides being path length sensitive, it is extremely sensitive to 
changes in the temperature of the surroundings as well. 
In considering drawbacks of the various detection modes, intensive studies on 
the development of alternative electrochemical detection techniques have been carried 
out by several groups in recent years13-15. The advantages of electrochemical detection 
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techniques include less interferences, simple instrumental set-up and portability. In 
electrochemical detection, direct analytical response is obtained in the form of 
electrical signal without the need for conversion from another intermediate physical 
factor like light in optical detection. This reduces the system noise and thus increasing 
the signal-to-noise ratio (S/N). Its LOD, as seen in Table 3.1, is comparable to that of 
LIF and mass spectrometry. Its detection sensitivity is independent of the path length 
but relies on the analytes’ inherent conductivity characteristics as well as the nature 
and dimension of the microelectrodes used. In addition, these microelectrodes can be 
easily incorporated onto the microchip substrates via photolithography. This, together 
with the compactness of the detection unit, which typically consists of several small 
electronic components on a small printed circuit board), promotes the possibilities of 
on-site analysis and realizing the “lab on a chip” concept.  
By and large, there are three types of electrochemical detection techniques – 
amperometry, potentiometry and conductimetry. In amperometry, electroactive 
analytes will be either oxidized or reduced when a fixed potential is applied to the 
working electrode. The current produced in this electrochemical reaction obeys the 
Faraday’s law and is measured by a potentiostat as a function of time14. As such, the 
detection selectivity can be obtained by simply adjusting the potential applied while 
its sensitivity can be improved by altering the type and size of microelectrodes used 
(i.e. carbon, platinum, gold and copper). However, the amperometry technique is non-
universal as only electroactive analytes can be analyzed. In addition, the 
electrochemical reaction that occurs only on the surface of the microelectrodes means 




Potentiometry uses a semi-permeable membrane ion-selective electrode (ISE) 
to measure the Nernst potential difference between two solutions relative to a 
reference electrode. However, the ISE limits the potentiometric technique to only 
single analyte analysis. Moreover, an inappropriate choice of buffer will affect the 
technique’s detection sensitivity significantly. Furthermore it acquires a logarithmic 
response relative to the concentration of the analytes. Such response gives rise to a 
wide dynamic range with a relatively high standard deviation, leading to doubtful 
results precision13. As such, there are only a few publications reporting on its 
applications with conventional CE but none in MCE yet.  
Unlike these electrochemical techniques, conductimetry is superior in terms of 
its simplistic instrumental requirements and universal detection characteristics. Its 
principles and various modes will be discussed in the following section. 
 
3.2 Conductimetry – A universal detection technique 
 Even before the micro-Total Analysis System (μ-TAS) concept is introduced, 
a PMMA/PTFE based CE device with an integrated two-electrode potential gradient 
detector, a type of contact conductivity detector, was demonstrated in 1983 by 
Gebauer et. al.17. It later sparked off a series of works in conductivity detection on 
MCE by Baldock18-21, van den Berg22, 23, Soper24, 25 and Girault26, 27.  
 In conductivity detection on microchip, the detection cell is defined by two 
electrodes that are placed at a fixed distance apart on the microchannel as shown 
schematically in Figure 3.1 below. An alternating current (AC), of typically 1 Hz is 
first applied to one of the electrodes (excitation electrode). A current is thus generated 
through the solution in the microchannel and is picked up by the other electrode 
(signal pick-up electrode) across it. Solutions of varying ionic compositions and 
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densities have inherently different resistivities. As such, the resulting current of an 
analyte differs from that of the buffer, leading to a change in detector response. AC is 
preferred over the use of direct current (DC) so as to a) prevent polarization of the 
electrodes, b) avoid electrochemical reactions at the electrode surfaces and c) 
minimize interferences between the DC separation field and detection electronics28. 
 
Figure 3.1 A schematic diagram depicting the arrangement of the microelectrodes on the 
microchannel that forms part of the basic circuit model of the conductivity detector where (a) 
Buffer filled capillary, (b) Excitation microelectrode,  (c) Signal pick up microelectrode, (d) 
Alternating current (AC) supply and (e) Ammeter. The solution between the microelectrodes 
generates a resistance that can be measured while each of the microelectrodes acts as a 
capacitor of the detector28.  
Based on the concept of the MCE conductimetry, two modes of conductivity 
detection, differing by the arrangement of the detection electrodes, are developed -   
the contact or contactless electrodes arrangement.  Between them, the contact mode is 
generally less popular in comparison to the latter arrangement. This is in part due to 
the (i) lack of an elegant and efficient way to decouple the detection circuit from the 
high separation voltage, (ii) problems of bubble formation, electrochemical 
modification or degradation of the electrode surface, (iii) intricacy of aligning and 
constructing the electrodes on the microchip18, 22, 26, 29.  
Although restrained by the abovementioned drawbacks, several research 
groups are exploring the potential of contact mode conductivity detection in the 








29, single electrode conductivity detection18, novel microfabrication techniques22, 23 
and modification of the electronic and detector design24, 30, had been proposed to 
alleviate its shortcomings.    
Being a universal detection technique, the MCE contact conductimetry has 
allowed the evaluation of a wide range of analytes like alkali cations, transition metal 
cations, heavy metal cations, anions (fluoride, chloride, phosphate, nitrate and nitrite) 
and small organic acids31 on the microchip. Unlike in optical detection techniques, 
where indirect detection or derivatization has to be utilized to analyze these species, 
conductimetry is able to detect them in trace quantity. The analytical response of 
conductimetry is obtained directly without an intermediate physical parameter like 
light intensity in optical detection. This leads to a reduction in the system noise 
attributed to the conversion of light energy to electrical energy. Moreover, it is 
concentration-sensitive. Downscaling of the detector size will not result in a loss in 
detection sensitivity28 hence making it compatible with MCE.  
In view of these inherent attractive benefits that it brings about, the 
applications of  MCE contact conductimetry have been expanded to include the 
analysis of metal cations speciation32, drugs33 as well as biomolecules like amino 
acids, peptides, proteins and oligonucleotides24, 34, 35.  However, unlike mono-atomic 
ions, most of these analytes are relatively larger which mean that they have reduced 
mobilities in solutions. As such, they possess lower conductivity and are expected to 
give rise to smaller conductivity response. Thus, there is a need to improvise on the 
sensitivity of the conductivity detector. One of such approaches is to modify the 
detector design such that the background noise can be minimized. 
In this work, a new contact conductivity detector (CCD), i.e the floating 
resistivity detector (FRD), is proposed that aims to alleviate the existing challenges 
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faced in CCD as well as to enhance its application potential to include the analysis of 
larger analytes. The optimization design of its microchip for FRD will be considered. 
The FRD and its working principles will be explained in Section 3.3 – 3.4 while the 
customized microchip design and the application of the FRD are presented in Section 
3.5 – 3.6. 
 
3.3 Floating resitivity detector (FRD) 
The floating resistivity detector, FRD, is a universal detector. Its working 
principle is similar to the potential gradient detector reported by our group 
previously29. Both of these detection methods measure the signal generated from the 
separation field. This, therefore, simplifies the design of the electronic circuit and 
relaxes the requirements for decoupling the separation and detection circuits. The 
design of the FRD microchip system proposed in this work also offers a new way to 
apply detection electrodes onto the channels. Instead of embedding the detection 
electrodes underneath the separation channel, the electrodes are connected to the 
separation channel through buffer-filled branched detection probes. This inherently 
aids in minimizing the possibility of electrodes contamination by the analytes as they 
are not in contact with the electrodes. The distance between these two detection 
probes determines the length of the detection window which in turn affects the 
separation resolution and detection sensitivity.   
Various parameters of the detection window in the FRD microchip, that 
include the length of the detection probes, distance between the detection window end 
point and the buffer waste reservoir as well as the length of the detection window, 
were studied and optimized. Metal ions were utilized to perform preliminary test on 
the functionality and sensitivity of the FRD, while small biomolecules, including 
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amino acids and polyamines, which have relatively lower conductivities and are thus 
expected to be less sensitive to detection, were selected to further demonstrate the 
applicability of the FRD detector.  The experiments are designed to show that the 
FRD provides a new approach in enhancing the power and the scope of microfluidic 
analytical devices.  
 
3.4  Working principles of FRD  
The floating resistivity detector (FRD) utilizes the conductivity differences 
between the differently charged compounds as the basis for detection. At a fixed 
applied separation high voltage, the potential difference, V, is measured across the 
detection window delineated by two detection probes, DA and DB, as illustrated in 
Figure 3.2 below. 
 
Figure 3.2 Schematic diagram of the circuit of the FRD MCE system. BR: buffer reservoir; 
BW: buffer waste reservoir; SR: sample reservoir; SW: sample waste reservoir; DA: “liquid 
electrode voltage probe” A reservoir; DB: “liquid electrode voltage probe” B reservoir. The 




The constant current, I, passing through the separation channel is measured at 
the high voltage return point (ground). With these two parameters, the resistance of 
the solution, R, and thus its conductivity, passing through the detection window can 
be simply determined by the FRD as expressed by Ohm’s Law depicted in Eqn. (3.1). 
R = V/I ---------------------- (3.1) 
At a given length of the detection window, L, and a fixed cross sectional area of the 
separation channel, A, the resistivity of the solution, ρ, can be obtained with the well-
known formula depicted in Eqn. (3.2). 
R = ρL/A ------------------- (3.2) 
When the separation channel is filled with only buffer, this will generate a constant 
potential difference, resulting in the buffer dependent baseline signal reflected in the 
electropherogram. However, when a sample plug of a different conductivity to that of 
the separation buffer enters the detection window, a signal will be registered due to a 
change in the potential difference. When the sample has relatively higher conductivity 
than the separation buffer, a positive signal (a peak) is observed with respect to the 
baseline and vice versa.  
The attractive characteristics of FRD lie in the ease of set-up, simplicity of its 
detection principle and minimization of electrode fouling due to adsorption of 
analytes and/or electrode surface reactions. Weighing at less than 2 kg and can be 
powered by a 12 V AC adaptor, the FRD supports portability of the MCE system. Its 
detection principle merely relies on the branched “liquid electrode voltage probes”, 
DA and DB, as observed in Figure 3.2, on the microchip. These are actually extended 
intermediary microchannels filled with separation buffer linking the detection 
reservoirs to the separation microchannel. Since the length of each of the intermediary 
microchannel is longer than that between the last detection probe, DB, and that of the 
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buffer waste reservoir, BW, it can prevent the back flow of the analytes that are 
electrophoretically driven to the BW at the end of the separation microchannel. In 
addition, any gas bubbles formed from the electrolysis of water would not get into the 
separation microchannel.  
Besides these inherent benefits, the FRD is able to overcome the limitations 
that are encountered by some recently developed CCD coupled to MCE. For instance, 
Feng et. al.29 had earlier reported on the potential gradient detection (PGD) on 
microchip.  The PGD was able to detect analytes via the potential difference between 
a detection reservoir and BW in which the latter was where the analytes would flow 
into at the end of the separation. However, the potential difference would be affected 
by the change in composition of the buffer in the buffer waste reservoir. Another 
problem is the possibility of fouling the concerned electrode in this reservoir. As such, 
the potential difference measured would not be truly reflective of the buffer and 
analytes. On the other hand, such a problem was not observed in FRD as detection by 
the FRD was performed as the analytes were passing through the detection window of 
the microchip. The analytes were, thus, not in contact with the detection electrodes. 
Such a microchip configuration avoids the problem of contamination of detection 
electrodes by the analytes. 
Furthermore, any contributing current from the detection probes to the 
separation microchannel is deliberately offset by the electronic design of FRD. Such a 
detector design eliminates the need to construct complicated detection cells for 
isolating the high separation voltage from the detection voltage like those described 
by Bodor et. al.36 in which a separate electrolyte solution mediated contact (ESMC) 
cell was assembled to connect to an on-column contact conductivity detection cell via 
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a polytetrafluoroethylene (PTFE) capillary tube. Moreover, the usage of the same 
buffer in the liquid detection probes simplifies the overall detection method.  
  Lastly, since the resolution between the analytes is partly determined by the 
dimension of the detection window, it would be advantageous to be able to adjust its 
length. The FRD does not rely on the size of the electrodes’ surface area to minimize 
peak dispersion. This is an advantage over the capacitively coupled contactless 
conductivity detector (C4D) in which the length of its detection gap is restricted by the 
size of the electrodes since the capacitance of a narrower electrode is smaller 37.  
 
3.5  Experimental 
3.5.1 Materials and apparatus 
3.5.1.1 Instrumentation 
All microchip electrophoresis experiments were conducted using the self-
assembled microfluidic system coupled to a 12 V AC powered floating resistivity 
detector. A multi-channel high voltage power supply (MCP-468-4, CE-Resources, 
Republic of Singapore), controlled with a MCE Station 5.0.1 software (CE Resources, 
Republic of Singapore), was used to drive the electrophoresis. Data acquisition and 
recording of electropherograms were accomplished with CE Station 5.9.6 software 
(CE Resources, Republic of Singapore).  PDMS microchips were fabricated in-house 
and the procedures are given in Section 3.5.2. 
 
3.5.1.2 Reagents and chemicals 
All chemicals were of reagent grade. DL-histidine, 2-(N-morpholino)-
ethanesulfonic acid (MES), common metal cations (sodium, potassium and calcium in 
chloride salts, lithium in hydroxide salt), lactic acid, spermidine, putrescine and 
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cadaverine were obtained from Fluka (Buchs, Switzerland).  Barium acetate, 
tris(hydroxymethyl)-aminomethane (Tris), kanamycin A, kanamycin B, tobramycin 
sulfate salt, spermine and alanine were products of Aldrich (St. Louis, MO, USA ). 
Glycine and phenylalanine were obtained from Alfa Aesar (Ward Hill, MA, USA). 
Acetic acid was purchased from Merck (Darmstadt, Germany). Water used 
throughout this experiment had a resistivity of ≥18 MΩ·cm-1 and was obtained from a 
NANOpure ultrapure water purification system (Barnstead, IA, USA). Negative 
photoresist, SU8-50 and developer were bought from Microchem Corp, (Newton, MA, 
USA). PDMS base and curing agent (Sylgard 184) were procured from Dow Corning 
(Wiesbaden, Germany). 
Stock solutions of individual compounds were prepared in water at a 
concentration of 1000 mg·L-1.  Standards were prepared by mixing appropriate 
amounts of individual stock solutions with running buffer for chip electrophoresis.  
All solutions were prepared daily and were filtered with 0.20 μm Minisart filters 
(Göttingen, Germany). 
 
3.5.2 Fabrication of microchip 
Silicon masters were created by pattern transfer protocol, involving soft 
lithography. Negative photolithography masks were designed using standard 
computer-aid design software and subsequently transferred onto a transparency film 
using a commercial high-resolution printer with a resolution of 8000 dpi. The channel 
network was represented by 50 μm-wide transparent lines on a black background. 
Silicon wafers were used for fabrication of the molding tool. 
First, the glass slides/silicon wafers were thoroughly cleaned by immersing 
them in piranha solution (H2SO4 / H2O2 = 3:1) for 30 min. It was then rinsed with 
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running deionized water and blown dry with nitrogen gas. To ensure the complete 
removal of residual water molecules, a dehydration process was carried out by baking 
the slides in oven for 1 h at a temperature of 100 oC. A negative photoresist was spun 
on the surface of the wafer using a spin-coater at 1500 rpm for 60 s with an 
accelerating ramp of 100 rpm. After a 15-min “prebake” in a convection oven at 95 ºC, 
the photoresist layer was exposed to UV light through the photolithography mask. 
The mask was placed over the spin coated silicon wafer and manually aligned to 
ensure that the microchannels could be accurately imprinted on the silicon wafer after 
the assembly was exposed to UV-light for 45 s. A 30 min “post exposure bake” was 
carried out in the same oven at 95 ºC. Subsequently, the wafer was developed for 30 s 
in a glass Petri disc containing the developer, propylene glycol methyl ether acetate 
and the unexposed photoresist were washed off with 2-propanol. The “hard bake” was 
carried out by heating the wafers at 150 ºC overnight.  
The microfabricated silicon wafer was used as a molding tool representing a 
structure negative to the desired polymer template. The PDMS elastomer and curing 
agent were thoroughly mixed in a 10:1 ratio and degassed using sonicator for 15 min 
to remove air bubbles. The mixture was then poured onto the microfabricated silicon 
wafer followed by curing for at least 2 h at 70 oC. The cured PDMS was separated 
from the mold, and reservoirs were made at the end of each channel using a 5 mm 
circular punch. The PDMS slab with the imprinted microchannel was then placed on a 
clean glass cover slide, pressed together with G-clamps, to form reversible bonding.  
 
3.5.3 Designing and optimization of FRD microchip  
The layout of the microchannels of the PDMS microchips used in this study is 
shown below in Figure 3.3.  The separation channel was 56.5 mm long (55 mm from 
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injection cross to the detection window). The distance between the sample 
reservoir/sample waste reservoir and the injection cross was fixed at 10 mm. All 
channels were 25 μm deep and 50 μm wide. Stepwise optimization of the dimensions 
of the microchip detection window was performed according to the conditions as 
listed in Table 3.2.   
 
 
Figure 3.3 Schematic diagram of the FRD microchip (a) The FRD microchip design layout. 
BR: buffer reservoir; BW: buffer waste reservoir; DA: detection probe A reservoir; DB: 
detection probe B reservoir; DW: detection window; FRD: floating resistivity detector; Pt: 
platinum; SR: sample reservoir; SW: sample waste reservoir. (b) Inset showing a close-up 
layout of the detection window on the microchip. (Figure is not drawn to scale) 
 
 
Table 3.2 The parameters and their respective conditions in the stepwise optimization of the 
dimensions of the microchip detection window with reference to Figure 3.3. 
 
Parameter 1 Parameter 2 Parameter 3 
Distance between DB 
and BW (mm) 
Length of detection probe, 
DA and DB (mm) 
Length of detection 
window, DW (mm) 
1.50 4.00 0.030 
2.00 4.50 0.050 
2.50 5.00 0.075 
3.00 6.00 0.100 
 
(b) 





Pt electrode to 
FRD 










The performance of the microchip for each parameter was evaluated by 
studying the sensitivity and resolution between closely migrating cations, barium (40 
μM), sodium (60 μM) and potassium (60 μM) 38, using 5 mM MES/His buffer of pH 
6.15 at an applied separation voltage of 1.0 kV (electropherogram not shown). Four 
PDMS microchips were utilized in the optimization of each parameter with each set 
of experiments repeated thrice to obtain average values of peak resolution and 
sensitivity. The first parameter, the distance between the detection probe, DB and 
buffer waste reservoir was investigated with the other two parameters, Parameter 2 
and 3, being fixed at 3.76 mm and 0.105 mm, respectively. With the optimized 
Parameter 1 as well as Parameter 3 set at 0.105 mm, Parameter 2 was varied in the 
successive study.  Lastly, Parameter 3 was examined with the optimized Parameter 1 
and 2 remained constant. The optimized FRD microchip was subsequently used for 
the analysis of a variety of analytes. 
 
3.5.4 Standard microchip electrophoresis procedures 
Microchips were flushed with running buffer between runs to ensure 
reproducibility and maintain a stable baseline.  All experiments were performed at a 
room temperature of 25 ± 1 oC. To avoid changes in buffer compositions during the 
separation, the separation buffer in each reservoir was replenished after each run. 0.5 
mm in diameter platinum electrodes were inserted into the buffer, buffer waste, 
sample and sample waste reservoirs, providing electrical contact from the power 
supply to the buffer solution, as well as to each of the reservoirs of the branched 
detection probes. During sample injection, the voltages of the respective reservoirs 




3.6  Result and discussion 
3.6.1 Optimized microchannel layout of FRD microchip 
Since the FRD was a newly developed conductivity detector, a customized 
microchip design was employed to maximize its capability. Based on the schematic 
diagram in Figure 3.3 as depicted earlier, various parameters such as (1) the distance 
between detection probe DB (the detection window end point) and the buffer waste 
reservoir, BW, (2) the length of detection probes DA and DB, and (3) the length of 
detection window, DW were optimized to achieve high performance for the detector. 
Three closely migrating metal cations, namely barium, sodium and potassium, were 
chosen for the optimization of the microchip design38.  
The distance between the detection probe, DB and buffer waste reservoir, BW 
was investigated as Parameter 1. If the distance between these two points was 
insufficiently long, the electrode in BW might interfere with the detection electrode in 
DB. As such, noisy and unstable background would be resulted which could lead to a 
subsequent reduction in the detection sensitivity. However, the maximum distance 
between these two points was also limited by the PDMS microchip substrate size as 
well as the effective microchannel separation length. When this distance was 
lengthened on a fixed microchip substrate, this could only be achieved at the expense 
of reducing the effective separation length. This would in turn give rise to poorly 
resolved peaks especially for closely migrating analytes since they were not given 
sufficient time to be discriminated in the MCE analysis. The effect of the distance 
between DB and BW on resolution could be observed in Table 3.3 below where the 
resolution between K+ and Ba2+, and between Ba2+ and Na+ diminished as the distance 
between the detection probe, DB and BW were 2.50 mm and 3.00 mm long. 
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Resolution between the respective sets of cations only improved when DB-BW was 
1.50 mm long. Thus, further optimization was performed based on this length. 
 
Table 3.3 The resolution between the respective peaks in the stepwise optimization of the 
length between detection probe, DB and buffer waste reservoir, BW.  
 
Distance between detection 
probe, DB and buffer waste 
reservoir, BW (mm) 
Resolution between  
K+ and Ba2+ 
Resolution between 
 Ba2+ and Na+  
1.50 0.8879 1.4236 
2.00 -a) 2.3962 
2.50 - a) - a) 
3.00 - a) - a) 
a) The dash indicated that there was no separation between the peaks. 
 
The length of detection probes, Parameter 2, was the next factor to be 
examined. Each probe consisted of a narrow intermediary microchannel that was 
extended into a circular reservoir. It was filled with separation buffer and had a 
platinum electrode placed in the reservoir, thus linking it up to FRD for detection. It 
could be observed in Figure 3.4 that the peak heights and peak widths (not shown) 
were the highest when the detection probe was 6 mm long. However, it was noted that 
the resolution between the peaks was also relatively poor. On the other hand, when 
the length of the detection probe was reduced to 4 mm, the reverse trend was observed 
instead. Nevertheless, it should be noted that an increase in the length of the probe 
was expected to lead to an increase in its resistivity and thus a corresponding decrease 
in sensitivity. Hence, a compromise was reached between sensitivity and resolution 




Figure 3.4 The peak intensity and resolution between the respective peaks in the optimization 
of the length of the detection probe, Parameter 2. 
 
The last parameter to be studied was the length of the detection window. It 
was observed in Figure 3.5 that the peak height generally did not vary greatly relative 
to peak resolution when the length was varied. Thus, the resolution attributed to each 
condition in Parameter 3 was used as the criterion to optimize the separation between 
the analytes. It was noted that the resolution was the highest at a detection window 
length of 0.075 mm, and hence this value was used as the optimized condition in this 
parameter.   
A microchip with a 0.075 mm detection window gap, consisting of two 
branched detection probes of 4.50 mm long where the detection probe, DB was fixed 
at a distance of 1.50 mm away from the BW reservoir, was determined to be the 
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Figure 3.5 The peak intensity and resolution between the respective peaks in the optimization 





3.6.2 Applications of FRD 
3.6.2.1 Metal cations analysis 
Generally, the performance of a new conductivity detector was tested with 
metal cations due to their inherent simple electrochemical characteristics 26, 33, 38, 39. 
Thus, potassium, sodium, lithium and calcium cations, were utilized in the evaluation 
of the FRD’s usefulness relative to other similar detectors. 
As seen in Figure 3.6, baseline separation of these four metal cations was 
achieved within 35 s using a buffer system of 3 mM Tris/acetic acid and 3 mM 18-
crown-6-ether at pH 6.4. Initially, other buffer compositions such as MES/His and 
Tris/lactic acid were investigated but found to be either incompatible with the hybrid 
PDMS/glass microchip or resulted in poor resolution between the closely migrating 
calcium and sodium cations. However with the use of only Tris/acetic acid buffer, 
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with the addition of 18-crown-6-ether. The relatively high repeatability of this 
condition was reflected in the low RSD values of the migration time (0.5% - 1.9%) 
and peak area (1.6% - 2.7%) for the four metal cations. The limits of detection (LOD), 
based on three times the ratio of the signal to noise (S/N = 3) for potassium (0.4 mg·L-
1), sodium (0.7 mg·L-1), lithium (0.5 mg·L-1) and calcium (0.5 mg·L-1) were observed 
to be lower than those of contact conductivity detectors reported previously 26, 29 and 
comparable to those of a contactless conductivity detector coupled to semicircular 
detection electrodes reported by Lee et. al.40.  
          
 
 
Figure 3.6 Electropherogram of 4 metal cation standards determined by microchip 
electrophoresis with FRD.  Electrophoresis buffer: 3 mM Tris/acetic acid and 3 mM 18-
crown-6-ether. Separation voltage: 2 kV. Sample injection: Electrokinetic, 0.5 kV, 1s. Peak 
identification: 1) Potassium, 2) Calcium, 3) Sodium, 4) Lithium. Concentration of analytes: 
10 mg·L-1 each except sodium which was at 5 mg·L-1. 
 
It could not, however, match the sensitivity obtained by Kubáň et. al.41 with 
the contactless conductivity detector of 90 - 250 μg·L-1 for these metal cations. This 
could be attributed to the type of microchip substrate used. Kubáň and his co-workers 
had used poly(methyl methacrylate) (PMMA) as its microchip substrate which 










microchip substrate used in this work. This led to more consistent EOF as well as 
lower background noise. Hence higher detection sensitivity could be obtained. 
 
 
3.6.2.2 Amino acids analysis 
Most native amino acids are non-fluorescent and absorb only at the ultraviolet 
(UV) wavelength of 185 nm 42, 43 which are undetectable by most UV detectors since 
their minimum detection wavelength is at 195 nm. Although CE analysis of the native 
amino acids with optical detectors is achievable after derivatization with fluoresecent 
or UV active labels 44, 45, the derivatization procedures are often troublesome and can 
lead to analyte loss. With these limitations in mind, direct detection with conductivity 
detector like FRD, will be an attractive alternative for the detection of these native 
amino acids.  
Several papers had reported satisfactory separation and detection sensitivity of 
amino acids using acetic acid as the separating media 46-48. The low pH condition of 
the acetic acid buffer ensured that all the amino acids, which had pI values ranging 
from 6.1 to 7.6, were predominantly positively charged, thereby allowing their 
separation at positive electrophoresis polarity. Abad-Villar et. al. 47 had reported on 
an enhancement in the detection sensitivity of the amino acids when an increase in 
concentration of acetic acid buffer was used. The use of such highly concentrated 
buffer had not resulted in the separation efficiency problems related to Joule heating. 
This might be due to the relatively low dissociation constant of acetic acid (pKa = 




Figure 3.7 Electropherogram of 4 amino acids determined by microchip electrophoresis with 
FRD. All the 4 amino acids were detected by FRD as dips due to their relatively lower 
conductivity to that of the running buffer. Their peaks’ orientation was deliberately reversed 
to present the electropherogram in the usual fashion. Electrophoresis buffer: 2.3 M acetic acid 
and 0.05% (v/v) Tween 20. Separation voltage: 3 kV. Sample injection: Electrokinetic, 1.0 
kV, 1s. Peak identification: 1) Histidine, 2) Glycine, 3) Alanine, 4) Phenylalanine. 
Concentration of analytes: 50 mg·L-1 each except phenylalanine, 75 mg·L-1. 
 
In this work, 2.3 M acetic acid with Tween 20 (0.05% v/v) at pH 2.2 was 
prepared for the analysis of four amino acids – alanine, glycine, histidine and 
phenylalanine. As seen in Figure 3.7 above, the analysis was completed within 3 min 
and the LOD of alanine, glycine, histidine and phenylalanine were found to be 2.1 
mg·L-1, 1.7 mg·L-1, 1.5 mg·L-1 and 12.8 mg·L-1 respectively. Satisfactory RSD values 
of 0.3% - 0.9% in migration time and 0.4% - 4.9% in peak area were attained. 
 
3.6.2.3 Biogenic amines analysis  
Polyamines (PAs), which include spermidine (SPD), spermine (SPM), and 
putrescine (PUT), are found in the central neurons system, tissue cells and body 
liquids, and are involved in a variety of cell functions 49-52. Moreover, these 
compounds are known cancer biomarkers important for monitoring the effectiveness 
of anticancer drugs. They also serve as quality indices for food during storage 53, 54. 










such as high performance liquid chromatography, (HPLC) 55-57, gas chromatography 
(GC) 58, 59 and capillary electrophoresis (CE) 60-63, have been explored for the 
determination of derivatized polyamines since these compounds show neither UV 
absorption nor fluorescence.  
In this work, the applicability of microchip-FRD was evaluated in the 
determination of the four polyamines. Effects of separation voltages, ranging from 0.5 
kV to 2 kV were investigated as shown in Figure 3.8. At a voltage of 1 kV, 
satisfactory separation could be achieved with resolution of approximately 1.2. Limits 
of detection at (S/N≥ 3) were 8-15 mg·L1. Satisfactory reproducibilities in terms of 
migration time and peak area were obtained, with RSD less than 0.9% and 3%, 
respectively.  
 
Figure 3.8 Electrophereogram depicting the effect of separation voltage on the separation of 
biogenic amines. The biogenic amines peaks’ orientations were deliberately reversed to 
present the electropherogram in the usual fashion. Electrophoresis buffer: 400 mM acetic acid. 
Separation voltages were varied accordingly (a) 2 kV (b) 1.5 kV (c) 1.25 kV (d) 1 kV (e) 0.75 
kV (f) 0.5 kV.  Sample injection: Electrokinetic, 0.5 kV, 10s. Peak identification: 1) 
















3.7  Conclusion 
 A novel contact conductivity detector, FRD, was proposed in this work. It 
measured response from analytes based on their inherent resistivity characteristic. The 
simple set up of FRD allows simple and rapid fabrication of microchip capillary 
electrophoresis devices with integrated detection system. Moreover, the FRD 
minimized problems commonly faced with contact conductivity detector. It 
eliminated the need for a complicated detection cell design to isolate the separation 
voltage from the detection voltage and could measure analytes’ responses via 
branched “liquid electrode voltage probes” on its microchip without fouling its 
detection electrodes.  It also had a detection window, delineated by two branched 
“liquid electrode voltages probes”, on its microchip which could be customized easily 
to control the detection sensitivity. With these improvements in overcoming the 
limitations of the contact conductivity detector, more applications with MCE, 
especially in the analysis of non-UV absorbing and non-electroactive analytes like 
small biomolecules, could be explored with FRD. This could be achieved after 
optimizing the various parameters of the detection window in the FRD microchip. A 
systematic investigation of the customized FRD microchip design was attempted in 
this work to illustrate the optimization of the functionalities of the FRD through the 
adjustment of the various parameters of the detection segment of the microchip. Low 
RSD values and reasonable detection limits (0.4 – 0.7 mg·L-1 for the metal cations and 
1.5 - 15 mg·L-1 for the amino compounds) were obtained in the studies of the various 
groups of analytes (metal cations, amino acids and biomarkers) which had, thus, 
demonstrated the versatility and the robustness of the FRD system. The compact and 
simple set-up of FRD should provide a new strategy to perform on-site analysis of 
analytes which complement well with the portability concept of lab-on-chip. Further 
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improvements on the microchip material and design layout could further extend the 
potential and lower the detection limits of FRD. The microchip could also be designed 
to include sample preparation. This concept, together with the portable size FRD, can 
be integrated on the microchip allow the “lab on a chip” system to be realized and 
thus expanding the application function of FRD. 
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CHAPTER 4  
  Concluding Remarks   
 Capillary electrophoresis and its miniaturized counterpart, microchip 
electrophoresis are becoming increasingly popular analytical techniques among the 
research groups as the recent research trend gear towards green chemistry, portability 
and high throughput sensitive analysis that can reach up to ultra-trace level. Their 
simple instrumental set-up also allows the ease of switching between different types 
of detector to analyze analytes with diverse inherent physical and chemical properties. 
   With such good analytical versatility and separation efficiency, capillary 
electrophoresis and microchip electrophoresis are, thus, suitable separation techniques 
used in the analysis of small biomolecules, such as adenosine, amino acids and 
polyamines, where they are often present in biological fluid samples at trace level. 
Any abnormality in the quantity of these biological building blocks in biosynthetical, 
metabolism and biochemical processes in human body can signify an impending 
disease. This calls for the need for a fast and sensitive analytical technique like 
capillary electrophoresis. Higher analytical throughput of capillary electrophoresis 
can be obtained with the use of microchip electrophoresis in which its analysis time of 
these biomolecules, could be completed effortlessly within 3 min as reported in the 
analysis of four amino acids in this work.   
 To further improve the versatility in the analysis of these small biomolecules, 
several methods were utilized to aid in enhancing the analytical capability of capillary 
electrophorsis and microchip electrophoresis. These methods include designing of 
target specific extractant in the liquid-liquid extraction of biomolecules and 
customizing microchip of a newly developed universal conductivity detector to 
provide better detection sensitivity of these small biomolecules. With the use of only 
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[C4MIM] based ionic liquid extractant, 70.1 % extraction efficiency could already be 
attained. With the introduction of the adenosine ssDNA based aptamer into this 
[C4MIM] based ionic liquid, the selectivity of the extractant was enhanced due to 
specific molecular recognition property of the adenosine aptamer induced on the 
[C4MIM] based ionic liquid. However, more extraction parameters, such as extraction 
time, volume of extractant, amount of aptamer used and types of ionic liquids as 
extractants, that can favourably influence the extraction equilibrium for higher 
extraction efficiency, could be further investigated and optimized stepwise.  
 The analysis of adenosine can also be potentially analyzed with the newly 
developed universal conductivity detector, FRD, so as to shorten the analysis time to 
allow more extraction parameters to be examined. The FRD is unique in its detection 
principles as compared to other similar contact conductivity detectors. It avoids the 
common limitation faced by other contact conductivity detector of detection electrode 
fouling by detecting through “liquid electrode voltage probes” on the microchip. 
Since the FRD employs the fluid circuit in the microchip for its detection of analytes 
in microchip electrophoresis, a stepwise optimization of the various parameters of the 
FRD microchip’s detection window was carried out with the emphasis being placed 
on improving the detection sensitivity and resolving power of closely migrating 
analytes were carried out. The improved detection sensitivity by this new FRD can be 
observed by a lower detection limit obtained for the analysis of simple metal ions as 
compared to other similar contact conductivity detectors.  Its capability was further 
demonstrated in the analysis of the relatively less conductive small biomolecules with 
reasonable detection sensitivity. 
 In conclusion, CE can be observed to be a useful technique not only in the 
studies of the small biomolecules. It can be tailored to fit the demands of the 
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analytical challenges. The analysis of adenosine only took approximately 10 mins 
while the analysis of various small biomolecules with microchip electrophoresis could 
be completed under 3 min. This would not be achievable if other techniques like 
HPLC were to be utilized. With more in depth work on the proposed target-specific 
IL extractant for the sample preparation of adenosine, it can potentially be integrated 
with the portable FRD microchip to provide point-of-care testing for the analysis of 
small biomolecules so as to obtain quick insight of the patient’s health. On-chip 
sample preparation could be done with modifications to the microchip design that 
may involve incorporating valves to control the dispensing of reagents and extracted 
adenosine. With future works driven in this direction, CE and MCE can potentially be 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix 5  




































07/01/2005 19F NMR of Expt A1 [BMIM]PF6 (overnight after workup) in CDCl3 (NS=10) File: ja07elaine/11
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